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SURFACE MODIFICATION OF METALS BY COLD GAS DYNAMIC 
SPRAYING TECHNIQUE 
SUMMARY 
In engineering applications, surface damages are very important since they affect the 
system reliability. For this reason, surface properties of a material used in the design 
are as important as its bulk properties. However, it is very difficult to manufacture a 
material which provides both the required bulk and surface properties together due to 
issues related to economics. In this context, surface modification of engineering 
materials has been of interest and surface modification techniques have been 
developed. In these techniques, cheap underlying material which meets the required 
bulk properties is coated with a suitable material that can provide the required 
surface properties. Manufacturing of a material by these techniques are more 
economical.  
For example, steel parts used in various industrial applications are protected against 
corrosion by coating with Al or its alloys. Although Al and Al alloy coatings increase 
the corrosion resistance of steel parts, these coatings cannot protect the surface from 
the mechanical forces due to their poor mechanical properties. The mechanical 
properties of Al and its alloys can be greatly enhanced by incorporating hard ceramic 
reinforcing particles. Therefore, coating of steel parts with Al matrix composites 
leads to improved corrosion and mechanical properties together.    
Aluminum matrix ceramic particle reinforced composite coatings are usually applied 
on steel parts by thermal spraying techniques. Since melting of aluminum takes place 
during thermal spraying, to obtain a homogenous distribution of ceramic particles in 
metal matrix, low porosity and good adherence between the substrate and the 
composite coatings is very difficult. In the case of carbide reinforcing particles, 
chemical reaction between ceramic particle and/or dissolving of ceramic particle in 
molten Al at high temperatures make coating process more difficult and lead to 
decreased ceramic particle efficiency. At the same time, it is well known that high 
temperatures encountered in thermal spraying processes tend to favor undesirable 
effects such as oxidation, grain growth, distortion and residual stress.  
In recent years, the success of emerging cold gas dynamic spraying technique in 
eliminating the drawbacks of thermal spraying has been attractive. This technique 
was discovered in the 1980s and is a deposition technique of solid particles without 
melting on various substrates. Simply, particles are accelerated to supersonic 
velocities by a high velocity gas stream and adhere to substrate upon impact. In cold 
gas dynamic spraying, high velocity gas stream is obtained by passing the 
compressed gas through a converging-diverging nozzle. Particles are injected into 
supersonic gas stream. Particles are accelerated in main supersonic gas stream and hit 
the substrate after they leave the nozzle. When particles moving with supersonic 
speeds hit the substrate, they deform plastically and form a mechanical bond with the 
substrate. During deposition, incoming particles continue to bond on previous layer 
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instead of substrate. As a result, good adherent, uniform and dense coating with a 
desired thickness is obtained. 
The most important distinguishing feature of cold gas dynamic spraying from 
thermal spraying techniques is the ability to spray the particles to the substrates 
without any melting. For this reason, since there is no material loss through melting 
in cold gas dynamic spraying, deposition efficiency of ceramic particles are higher as 
compared with that of thermal spraying techniques. Since cold gas dynamic spraying 
uses gas stream at a temperature well below the melting point of sprayed particles, 
deleterious effects of high temperature such as oxidation, melting, recrystallization, 
residual stresses and debonding generally encountered in thermal spray processes are 
minimized. Cold gas dynamic sprayed coatings are more likely to preserve 
microstructure, mechanical and chemical properties of the sprayed particles and 
exhibit no thermal shrinkage therefore no thermal stress and low oxide contents due 
to relatively low process temperatures. For these reasons, cold gas dynamic spraying 
offers better control of coating properties as compared to thermal spraying 
techniques. 
The aim of this study is to produce 7075 Al matrix ceramic particle (B4C, SiC and 
Al2O3) reinforced composite coatings on T6 6061 Al substrate by cold gas dynamic 
spraying technique. Within scope of this study, ceramic particles were mixed with 
7075 Al particles at volume ratios of ceramic particles of 10, 20 and 40 vol. % to 
produce feedstock powder mixtures. Feedstock powder mixtures were sprayed using 
He as a process gas with a nozzle inlet pressure of 0.98 MPa and a temperature of 
300°C. Characterization of coatings were carried out by microscopic investigations, 
hardness and bond strength measurements as well as wear and electrolytic corrosion 
tests.  
Microstructural characterization was carried out by optical and scanning electron 
microscope examinations and X-ray diffraction analyses. Typical cross sectional 
interface views of coatings show that the coatings are dense and adhere to the 
substrate without any discontinuity. X-ray diffraction patterns of coatings reveal that 
there are no other phases besides the main phases of Al, B4C, SiC and Al2O3. This 
result indicates that no significant chemical interactions between the feedstock 
powder mixture components take place and no phase transformation occurs during 
spraying which is attributed to the low temperature characteristic of the cold gas 
dynamic spraying. Image analyses performed on the optical microscopic images of 
composite coatings show that there are always less ceramic particles retained in 
composite coatings than those of the original feedstock powder mixtures.  
Addition of ceramic particles into 7075 Al alloy results in improved hardness and 
bond strength. Increase in ceramic particle content in the coating tends to increase 
hardness and bond strength moderately.  
Wear behavior of coatings were determined on a ball-on disc type wear tester by 
rubbing alumina and steel balls under normal loads of 1, 3 and 5N at normal 
atmospheric conditions. Results of the wear tests were evaluated according to the 
area loss of the coatings. Composite coatings exhibit higher wear resistance than that 
of unreinforced 7075 Al coating during wear tests performed by both alumina and 
steel balls. For a constant normal load, composite coatings worn by alumina ball 
exhibited slightly higher wear loss than that of composite coatings worn by steel ball. 
However, in general more than 8 vol. % of ceramic particles retained in the coating 
does not contribute to wear resistance any further.  
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Electrolytic corrosion tests were performed utilizing a typical three electrode 
potentiodynamic polarization test unit in 3.5 wt. % NaCl solution at room 
temperature. Before potentiodynamic polarization measurements, an initial delay of 
30 minutes was employed in order to measure the potential differences (open circuit 
potential) between working and reference electrodes. Corrosion tests were run within 
a range of ±500 mV of open circuit potential at a scan rate of 0.3 mV/s. Electrolytic 
corrosion behavior of the samples were evaluated according to corrosion potential 
and corrosion current density. In order to determine the corrosion mechanism, 
samples were investigated utilizing a scanning electron microscope. Potentiodynamic 
polarization tests have revealed that T6 6061 Al substrate exhibit continuous 
passivity where cold sprayed coatings show a rapid increase in current density. It 
should be noted that cold sprayed coatings have more noble corrosion potentials but 
higher corrosion current densities when compared to those of the substrate. The 
substrate exhibits smoother surface than the cold sprayed coatings after corrosion 
tests. It can be noted that corroded surfaces of the cold sprayed coatings reveal a 
higher degree of corrosion as compared to the substrate. SEM images of cold sprayed 
coatings after corrosion tests clearly depict localized extensive corrosion due to 
cracking along the 7075 Al particle boundaries. This phenomenon implies a higher 
degree of corrosion in cold sprayed coatings. There is no evidence showing that 
preferential corrosion occurs at the interface of 7075 Al and ceramic particles. 


























METAL YÜZEYLERİNİN SOĞUK GAZ DİNAMİK PÜSKÜRTME TEKNİĞİ 
İLE MODİFİKASYONU 
ÖZET 
Mühendislik uygulamalarında, yüzey hasarları sistemin güvenirliğini etkilediği için 
çok önemlidir. Bu nedenle tasarımda kullanılan parçanın yüzey özellikleri kütlesel 
mekanik özellikleri kadar önem taşımaktadır. Ancak istenen kütlesel özellikler ile 
yüzey özelliklerini bir arada bulunduran malzeme üretilmesi ekonomik nedenlerden 
ötürü oldukça zordur. Bu bağlamda, mühendislik malzemelerinin yüzey 
özelliklerinin geliştirilmesi ilgi odağı olmuş ve yüzey modifikasyon yöntemleri 
geliştirilmiştir. Bu yöntemlerde, ucuz ancak istenen kütlesel özelliklere sahip altlık 
parça yüzeyde istenen özellikleri verecek uygun malzeme ile kaplanır. Bu yöntemler 
ile parçanın üretilmesi çok daha ekonomikdir. 
Metaller üzerine uygulanan kaplamalar difüzyonlu ve difüzyonsuz olmak üzere iki 
ana grupta incelenmektedir. Difüzyonlu kaplamalarda kaplama ile altlık malzeme 
arasında bir difüzyon bağı oluşturulmaktadır. Difüzyonsuz kaplamalarda ise kaplama 
altlık malzemesine mekanik olarak bağlanır ve kaplama ile altlık arasındaki 
bağlanma, tamamen kaplama tekniği ile ilişkilidir. 
Örneğin, çeşitli endüstri kollarında kullanılan çelik yapılar korozyona karşı 
genellikle Al veya Al alaşımı kaplanarak korunmaktadır. Al ve alaşımları çelik 
yapıların korozyon direncini arttırmalarına rağmen bu kaplamalar zayıf mekanik 
özellerinden ötürü yüzeyi mekanik kuvvetlerden koruyamazlar. Al ve alaşımlarının 
mekanik özellikleri sert seramik takviye malzemesi ilavesi ile yüksek oranda 
geliştirilebilir. Dolayısıyla Al veya Al alaşımı yerine çelik yapıların Al matrisli 
kompozit kaplanması korozyon ve mekanik özelliklerinin birlikte gelişmesine neden 
olmaktadır. 
Al matrisli seramik partikül takviyeli kompozit kaplamalar çelik parçalar üzerine 
genellikle termal püskürtme yöntemleri ile gerçekleştirilmektedir. Termal püskürtme 
sırasında Al’nin ergimesi nedeniyle seramik partiküllerin homojen dağılımının 
sağlanması, düşük porozite ve altlık ile kompozit kaplama arasında iyi yapışma elde 
edilmesi çok zordur. Karbür esaslı takviye partiküllerinin kullanılması durumunda 
yüksek sıcaklıkta seramik partikül ile eriyik Al arasındaki kimyasal reaksiyon 
ve/veya seramik partikülün eriyik Al içersinde çözünmesi kaplama işlemini daha zor 
yapmakta ve düşük seramik partikül verimine neden olmaktadır. Aynı zamanda 
termal püskürtmedeki yüksek sıcaklığın oksidasyon, tane büyümesi, çarpılma ve 
kalıntı gerilme gibi istenmeyen durumları tetiklediği bilinmektedir. 
Son yıllarda, gelişmekte olan soğuk gaz dinamik püskürtme yönteminin termal 
püskürtmenin olumsuz yanlarını gidermedeki başarısı dikkat çekmektedir. Bu 
yöntem, 1980’li yılların ortasında Rus bilim adamları tarafından iki fazlı sistemlerin 
(gaz + katı partikül) ses üstü rüzgar tünelindeki davranışlarının incelenmesi sırasında 
geliştirilmiş olup; katı haldeki partiküllerin ergime olmaksızın metalik veya 
dielektrik bir altlık üzerinde biriktirme prosesidir. Basitçe, küçük toz boyutundaki 
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(genellikle <50µm) partiküller sıkıştırılmış gaz ile sağlanan yüksek hıza sahip gaz 
akımına beslenir ve ses üstü hızlara ulaştırılır. Soğuk gaz dinamik püskürtme 
tekniğinde yüksek hıza sahip gaz akışı sıkıştırılmış gazın daralan-genişleyen nozül 
içersinden geçirilmesiyle elde edilir. Yüksek basınca sahip gaz, basıncı ve sıcaklığı 
aniden düşürülerek ses üstü hızlara ulaştırılır. Başlangıçta ayrı bir gaz akımı ile 
taşınan partiküller nozüle beslenir. Nozüle beslenen partiküller nozüldeki ses üstü 
hıza sahip ana gaz akımı ile hızlanır ve nozülü terk ettikten sonra altlık yüzeyine 
çarpar. Ses üstü hıza sahip katı partiküller yüzeye çarptıklarında plastik 
deformasyona uğrayarak altlık ile mekanik bağ oluşturur. Kaplama süresince 
partiküller altlık yerine yüzeye yapışan malzeme (kaplama) ile bağ oluşturmaya 
devam eder. Sonuç olarak altlık malzemesine iyi yapışmış, homojen ve düşük 
poroziteli istenen kalınlıkta kaplama elde edilir. 
Soğuk gaz dinamik püskürtme işleminin termal püskürtme yöntemlerinden en önemli 
farkı partikülleri altlığa ergime olmaksızın püskürtebilmesidir. Bu nedenle, soğuk 
gaz dinamik püskürtme tekniğinde ergime yolu ile malzeme kaybı yoktur ve termal 
püskürtme tekniklerine kıyasla seramik partikül verimi daha yüksektir. Soğuk gaz 
dinamik püskürtme tekniği püskürtülen partikülün ergime sıcaklığının çok altındaki 
sıcaklıkta bir gaz akımı kullandığı için oksidasyon, ergime, yeniden kristalleşme, 
kalıntı gerilme ve kopma gibi termal püskürtme yöntemlerinde karşılaşılan yüksek 
sıcaklığın zararlı etkileri en aza indirgenir. Aynı zamanda, püskürtülen partikülün 
mikroyapısı, mekanik ve kimyasal özellikleri ile aynı mikroyapı, mekanik ve 
kimyasal özelliklere sahip termal çekmeye uğramamış, dolayısıyla termal gerilmesiz 
kaplama üretilmesi, soğuk gaz dinamik püskürtme tekniğinde kullanılan düşük 
sıcaklıktan dolayı mümkündür. Ancak kaplama yüksek deformasyonlu ve soğuk 
işlem görmüş yapıdadır. Kaplamanın başarısı partikülün plastik deformasyon 
kabiliyetine bağlıdır. Deformasyon kabiliyeti yüksek olan tozlar, yüzeye sıkıca 
bağlanırken sert ve kırılgan tozlar ile kaplama yapmak oldukça güçtür. Bu güçlük 
sert ve kırılgan partiküllerin sünek bir toz ile karıştırılmasıyla yenilebilmektedir. 
Plastik deformasyonun gerçekleşebilmesi için soğuk gaz dinamik püskürtme 
tekniğinde partiküle yüksek hız (kinetik enerji) kazandırılması esastır. Altlık 
yüzeyine biriken malzeme miktarının sisteme beslenen toplam malzeme miktarına 
olan oranına kaplama verimi denilmektedir. Optimum kaplama verimi ve kaplama 
yoğunluğu (düşük porozite) için yüksek hız gereklidir. Partikülün altlık yüzeyine 
birikmesi için kritik bir hız değeri vardır. Bu hız değerinde, altlık yüzeyinde 
erozyondan birikmeye doğru bir geçiş sağlanır. Başka bir deyişle, kritik hızın altında 
partiküller altlık yüzeyinde birikme yerine erozyona sebep olmaktadırlar. 
Bu çalışmanın amacı T6-6061 Al altlık üzerine soğuk gaz dinamik püskürtme tekniği 
ile 7075 Al matrisli seramik partikül (B4C, SiC ve Al2O3) takviyeli kompozit 
kaplama gerçekleştirmektir. Bu çalışma kapsamında, besleme toz karışımlarının 
üretilmesi için seramik partiküller hacimce oranları %10, 20 ve 40 olacak şekilde 
7075 Al tozları ile karıştırılmıştır. Besleme toz karışımları nozül giriş basıncı 0.98 
MPa ve sıcaklığı 300°C olan helyum proses gazı kullanılarak püskürtülmüştür. 
Kaplamaların karakterizasyonu mikroskobik incelemeler, sertlik ve yapışma 
mukavemet ölçümleri ile aşınma ve elektrolitik korozyon testleri ile yapılmıştır. 
Mikroyapısal karakterizasyon optik ile taramalı elektron mikroskop incelemeleri ve 
X-ışınları difraksiyon analizleriyle gerçekleştirilmiştir. Karakteristik kesit ara yüzey 
görüntüleri kaplamaların yoğun ve altlığa ara yüzeyde süreksizlik oluşturmayacak 
şekilde bağlandıklarını göstermiştir. Kaplamaların X-ışınları difraksiyon paternleri 
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kaplamalarda ana fazlar Al, B4C, SiC ve Al2O3 dışında başka fazların olmadığını 
ortaya çıkarmıştır. Bu sonuç püskürtme sırasında besleme toz karışım bileşenleri 
arasında kayda değer kimyasal reaksiyonun ve faz dönüşümünün olmadığını akla 
getirmektedir. Bu gözlem soğuk gaz dinamik püskürtme tekniğinin düşük sıcaklık 
özelliğine dayandırılabilir. Kompozit kaplamaların ışık mikroskop görüntüleri 
üzerinde gerçekleştirilen görüntü analiz çalışmaları kaplama içersindeki seramik 
partikül miktarının besleme toz karışımındaki seramik toz miktarından daha az 
olduğunu göstermiştir. 
7075 Al içersine seramik partikül ilavesi sertlikte ve yapışma mukavetinde bir artışa 
neden olmaktadır. Kaplama içersindeki seramik partikül miktarının artması kaplama 
sertliğini ve yapışma mukavetini çok az artırma eğilimindedir. 
Kaplamaların aşınma davranışları disk üzerinde bilya aşınma test cihazında 1, 3 ve 
5 N normal yük altında alüminyum oksit ve çelik toplar kullanılarak normal 
atmosferik koşullarda belirlenmiştir. Aşınma test sonuçları alan kaybı cinsinden 
değerlendirilmiştir. Kompozit kaplamalar hem alüminyum oksit hem de çelik top 
kullanılan aşınma testleri sırasında takviyesiz 7075 Al kaplamadan daha yüksek 
aşınma direnci sergilemiştir. Sabit normal yük altında alüminyum oksit bilya ile 
aşındırılan kompozit kaplamalar çelik bilya ile aşındırılan kompozit kaplamalardan 
biraz daha fazla aşınma kaybı sergilemiştir. Ancak, genel olarak kaplamada 
hacimce %8’den daha fazla seramik partikül bulunması, aşınma direncine daha 
fazla katkı sağlamamıştır. 
Elektrolitik korozyon testleri tipik üç elektrotlu potansiyodinamik polarizasyon test 
cihazında ağırlıkça % 3,5 NaCl çözeltisi içersinde oda sıcaklığında 
gerçekleştirilmiştir. Korozyon deneyleri sırasında elektrolit içine çalışma ve referans 
elektrotlarının daldırılmasından itibaren ikisi arasındaki korozyon potansiyellerinin 
değişimi (açık devre potansiyeli) ilk 30 dakika süreyle, zamana karşı ölçülmüştür. 
Elektrolitik korozyon testleri ±500 mV açık devre potansiyeli aralığında 0,3 
mV/saniye tarama hızı ile gerçekleştirilmiştir. Numunelerin elektrolitik korozyon 
davranışları korozyon potansiyeli ve korozyon akım yoğunluğuna göre 
değerlendirilmiştir. Korozyon mekanizmasının belirlenmesi için korozyon yüzeyleri 
taramalı elektron mikroskobunda incelenmiştir. Elektrolitik korozyon deneyleri ile 
altlık malzemesinin pasivasyon sergilediğini belirlenirken diğer taraftan kaplamaların 
korozyon akım değerlerinin aniden yükseldiğini görülmektedir. Kaplamaların altlık 
malzemesine kıyasla daha pozitif korozyon potansiyeline ve daha yüksek korozyon 
akım yoğunluğuna sahip oldukları görülmüştür. Korozyon testleri sonrasında altlık 
malzemesinin kaplamalara nazaran daha düz, pürüzsüz yüzey kalitesine sahip olduğu 
belirlenmiştir. Korozyon testleri sonrası kaplamaların taramalı elektron mikroskop 
görüntüleri korozyon hasarının 7075 Al matris tozları arasında oluşan çatlaklardan 
ilerdeğini göstermiştir. Seramik tozları ile matris tozlarının ara yüzeyinde tercihli 












In engineering applications it is desired that the material used in the design should 
have enough strength in order to be safe under the applied loads. The behavior of 
materials under external stress is mostly related to their bulk properties. On the other 
hand, a material usually fails when its surface cannot sufficiently withstand the 
external forces or its surrounding environment. Since surface of a material is not only 
the visible part but also the interface which reacts with the surrounding environment, 
the possible intervention of different factors such as oxygen, temperature, acidity 
etc., render the surface properties of a material crucial to its functionality. 
Practically it is near-impossible to manufacture a material which provides both the 
required bulk and surface properties together due to issues related to economics. In 
engineering applications it is more economical to use a cheaper base material and 
coat it with a suitable high performance material to obtain a material that meets the 
required demands. At this point, improving the surface properties of materials have 
been of interest and modern surface modification techniques that greatly enhance 
surface properties such as corrosion and wear resistance have been developed. For 
this reason cheap engineering materials, which meet the required bulk properties, are 
chosen and their surface properties are enhanced by modern surface modification 
techniques. The surface properties of materials need to be optimized for their 
applications by coating with either a layer or a multilayer of different materials that 
have the required properties. The final product exhibits better surface properties than 
the underlying material, conserves material resources and may be cheaper to 
produce. 
A good coating needs to be well-matched with the substrate in physical and chemical 
means, continuous, non-porous and well adherent. For this purpose modifications to 
an object’s surface can be made by metallurgical, mechanical, chemical or physical 
means. They have different properties, advantages and disadvantages when 




Today, surface engineering serves almost all sectors. Surface coating techniques 
allow us to design components with optimized surface properties and manufacture 
metallic, ceramic, polymeric and composite systems with combinations of bulk and 
surface properties obtainable in neither the substrate nor the surface material alone. 
The modification of the surface of a material allows the production of superior 
products in terms of reduced wear rate, increased corrosion resistance, improved 
optical properties and altered electrical/electronic properties. For instance, coatings 
against wear resistance are used for cutting tools and multilayer coatings are used for 
better corrosion resistance in automotive parts. 
Under the corrosive, abrasive service conditions at high temperatures, metals and 
their alloys do not always meet the required properties. Composites, super alloys and 
high technology ceramics have been and are being developed to meet the increasing 
demands of engineering applications. These advanced materials can be coated by 
chemical vapor deposition, physical vapor deposition, thermal spraying, etc. Most of 
the coating systems require high temperatures, vacuum conditions or both. High 
temperatures lead to undesired reactions between coating material and substrate, 
oxidation, phase transition and chemical decomposition. 
For instance, in many engineering applications steel parts are coated with pure 
aluminum to increase the corrosion resistance by means of anodic protection due to 
formation of a very thin and impervious aluminum oxide layer [1]. Although pure 
aluminum coatings increase the corrosion resistance of steel parts, these coatings 
cannot protect the surface from the mechanical forces due to their poor mechanical 
properties [2,3]. Since aluminum matrix composites (AMC) have high strength to 
weight ratios, suitable mechanical properties and higher wear resistance in 
comparison to conventional monolithic alloys without sacrificing the corrosion 
resistance of aluminum, coatings of aluminum matrix ceramic particle reinforced 
composites have attracted much attention recently [4,5]. These systems are good 
candidates for applications requiring materials with a combination of mechanical 
strength, wear and corrosion resistances. Due to their high hardness, chemical and 
thermal stabilities B4C, SiC, and Al2O3 are excellent reinforcement materials for 
AMCs [4,5]. 
Aluminum based composites are usually coated on steel parts by thermal spraying 
techniques such as flame spraying, plasma spraying and high velocity oxy-fuel 
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(HVOF) spraying. In thermal spraying, materials in powder, wire or rod form are 
heated up by a heat source such as a plasma jet, electric arc or flame to molten or 
semi-molten state and sprayed towards the substrate by a process gas flowing 
through a nozzle. When molten particles hit the substrate, they flatten and form splats 
which re-solidify upon rapid cooling to form a coating (Fig. 1.1). 
 
Figure 1.1: Schematic view of thermal spray coating process and the formation of a 
coating by flattening and splatting of the molten sprayed particle upon 
impact on the substrate [6]. 
The physical, chemical and mechanical properties of any coating are strongly 
dependant on its microstructure. Although thermal spraying offers excellent 
flexibility for the manufacturing of coatings, it has also been observed to introduce 
certain defects in the coating microstructure. High process temperatures in thermal 
spraying tend to favor undesirable effects such as oxidation and grain growth. On the 
other hand, rapid cooling of molten particles can lead to porosity, formation of 
thermal stress (tensile residual stress), distortion and weakened bond strength [7]. 
The presence of oxides in the coating microstructure can cause improved hardness, 
but also loss of ductility and loss of cohesive strength of the coating. Grain growth is 
problematic in the deposition of materials having very fine grain structures such as 
nanocrystalline materials. As a result, thermally sprayed coatings exhibit different 
microstructures and compositions than those of the original feedstock material. 
In the case of AMC applications, since melting of aluminum takes place during 
spraying, to obtain a homogenous distribution of ceramic particles in the metal 
matrix, low porosity and good adherence between the substrate and the composite 
coatings is very difficult. It is also known that efficiency of ceramic particles is very 
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low in the thermal spray technology due to reaction between ceramic particles and 
molten aluminum and/or dissolving of ceramic particles in molten aluminum at high 
temperatures [5,8]. 
In order to overcome these drawbacks of thermal spraying, recent developments in 
the surface coatings industry have given rise to a new coating technology known as 
kinetic spraying. Kinetic spraying requires less heat and relies on the kinetic energy 
as opposed to thermal energy of a sprayed particle to produce a coating. The aim of 
kinetic spraying is to reduce the process temperature below the oxidation limits and 
increase the particle velocities to supersonic levels to promote plastic deformation 
and thus reduce porosity. 
Among the kinetic spray processes, the most popular spraying process is Cold Gas 
Dynamic Spraying (CGDS) process which is a promising high rate material 
deposition technique. The principle of CGDS is to accelerate the particles in a gas 
stream mostly of nitrogen, helium or air flowing through a converging-diverging 
nozzle to supersonic velocities at low temperatures and let them undergo intense 
plastic deformation at high strain rates upon impact onto the substrate. In Fig. 1.2 the 
range of operating gas temperatures and particle velocities for various thermal 
spraying techniques and CGDS are shown for comparison. 
 
Figure 1.2: Particle velocity and process gas temperature values of various thermal 




As can be seen in Fig. 1.2, the distinguishing feature of CGDS is the ability to 
produce coatings at relatively low gas flow temperatures and high particle velocities. 
Since CGDS process uses gas stream to accelerate the particles at a temperature well 
below the melting point of the sprayed material, the main advantage of CGDS is the 
possibility of minimizing any deleterious effects of high temperature such as 
oxidation, melting, recrystallization, residual thermal stresses and debonding 
generally encountered in thermal spray processes [2,7]. CGDS coatings are more 
likely to preserve microstructure, mechanical and chemical properties of the sprayed 
particles [9] and exhibit no thermal shrinkage therefore no thermal stress and low 
oxide contents due to relatively low process temperatures [10]. Moreover, if a splat 
leaves a pore after deposition, the following splats tend to close the pores and voids 
in the coating structure [1]. For these reasons, CGDS offers better control of coating 
properties as compared to other thermal spraying techniques. 
Numerous different materials such as copper [11], aluminum [12], titanium [13,14] 
and nickel [9] have been successfully coated utilizing CGDS. Although CGDS 
technique can be utilized on a broad range of applications, usability of CGDS is 
limited with ductile materials. Brittle materials such as ceramics generally cannot be 
deposited utilizing CGDS since they cannot deform plastically to obtain a good 
adhesion between the coating and the substrate unless they are mixed with a ductile 
metal matrix. 
With its low density [15] and high ductility [1] aluminum is a good candidate to 
achieve the supersonic velocities and high amount of plastic deformation upon 
impact onto the substrate to form a good bonded coating. 
In the light of this short review, the present study was motivated by the potential of 
the CGDS technique to produce metal matrix ceramic particle reinforced coatings 
with better microstructures as compared to thermally sprayed similar coatings. The 
main objectives of this study are to demonstrate the feasibility and manufacture 
aluminum based matrix ceramic particle reinforced composite coatings using CGDS 
technology on metals and investigate whether improved surface properties can be 
achieved. Within scope of the present study, depositions of 7075 Al alloy matrix 
B4C, SiC and Al2O3 particle reinforced composite coatings were performed on T6-
6061 Al substrates. Characterizations of the coatings were made by means of micro 





























2. COLD GAS DYNAMIC SPRAYING 
2.1 History of Cold Gas Dynamic Spraying 
Cold gas dynamic spray technology was discovered in the mid-1980s at the 
Theoretical and Applied Mechanics Institute of Russian Academy of Sciences in 
Novosibirsk by Professor Anatolii Papyrin and his colleagues during modeling of a 
two phase (gas and solid) flow moving with supersonic speeds. Professor Anatolii 
Papyrin and his colleagues observed that finer metallic particles injected into a flow 
stream deposited on the edges of the model as they were performing experiments in a 
supersonic wind tunnel. They also realized that as the flow velocity was increased, 
there was a transition from particle erosion to a rapid build-up on the target surface. 
Russian scientists anticipated the potential of their findings as a new material 
deposition technique and set up a spraying device based on this principle. They 
performed coatings of pure metals, metal alloys, and composites onto a variety of 
substrate materials successfully and demonstrated its feasibility for various 
applications [1,9,16-34]. 
Since the invention of CGDS in the mid-1980s many research and development 
activities have been made to build CGDS tools and devices. Nowadays commercial 
CGDS systems are available and researches on this topic are still continued in 
academic field utilizing in-house systems. Since the early 1990s CGDS has been of 
interest in many industrial fields especially in automotive and aerospace industries 
[31,33,35-43]. The number of patents issued and research papers published on the 
CGDS coating technology has grown exponentially [33]. In recent years, in Russia: 
Russian Academy of Sciences Institute of Theoretical and Applied Mechanical 
Sciences, in the United States: Sandia National Laboratory, the ASB, Ford Motor, 
General Electric, General Motors, Pratt & Whitney, Dartmouth University, Rutgers 
University, the American Army Research Lab., Delphi Research Lab., in Germany: 
the Federal Armed Forces University, European Air Defense and Aerospace 
Research Agency, Linde AG Cold Gas Technologies, Siemens, in England: 
Cambridge, Nottingham, Liverpool, United Kingdom Universities, BOC Gas 
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companies, in Japan: Yasaki Shinshu University and Plasma Gigen company, in 
Canada: National Research Council and the University of Windsor together with 
institutions  in Australia, Brazil, India, South Korea, China and companies and/or 
institutions in several other countries have been working on CGDS technology [44]. 
2.2 Principle of Cold Gas Dynamic Spraying 
The basic principle of CGDS is to accelerate the small diameter solid powder 
particles usually less than 50 µm in diameter to supersonic velocities in the range of 
300-1200 m/s in a supersonic jet of compressed gas and give solid powder particles 
enough kinetic energy which converts to plastic deformation upon impact of solid 
powder particles on substrate resulting in building up of a layer of solid powder 
particles at temperatures well below of their melting point. Supersonic gas stream is 
generated by passing the compressed gas through a converging-diverging nozzle. 
Solid powder particles are injected into the nozzle and accelerated to supersonic 
velocities by a supersonic gas stream [7,10,11,16-18,21,22,26,28,30,31,38-42,45-62]. 





Figure 2.1: (a) Schematic diagram of the cold spraying unit [45], (b) close-up 





In CGDS technique, first of all, process gas is pressurized in a tank to generate the 
main flow that will be used to accelerate the spray particles. High pressure gas is 
then introduced into a converging-diverging nozzle. The inlet pressure of the process 
gas can be regulated by a control valve. Based upon application process gas can be 
preheated to a preset temperature [18,45,63]. The aim of preheating the process gas 
is not to heat or soften the spray particles but rather to achieve higher gas flow 
velocities which result in higher spray particle velocities. But process gas is not 
heated to the temperatures at which spray particles soften or melt. Due to the fact that 
contact time of a spray particle with the hot process gas is too short and the hot 
process gas cools rapidly as it expands, temperature of a spray particle stays well 
below its softening and melting points [16,18,21,22,45,63]. Since the process gas 
flows in the converging-diverging nozzle, it reaches supersonic velocities as it 
expands in the spray gun by converting potential and thermal energies to kinetic 
energy. The spray particles are carried to the nozzle by a high pressure gas supply 
connected to a powder feeder or process gas passing through the powder feeder [21]. 
Spray particles are injected into converging-diverging nozzle at upstream of the 
throat [44,64,65] where the pressure of process gas is higher and velocity of gas 
stream is lower, or downstream [16,21] of the throat where the pressure of process 
gas is lower and velocity of gas stream is higher. Spray particles are mobilized by a 
drag force induced by high velocity stream [66]. Spray particles later are accelerated 
to supersonic velocities in the gas flow through the nozzle [21]. The particles 
accelerated above a critical velocity deform plastically upon impact on the substrate 
and incrementally form a coating. 
2.3 Critical Velocity and Deposition Efficiency 
Not all impacts produce coating on the substrate surface. Many different phenomena 
are observed when a particle hits a solid surface. These phenomena are classified as 
sticking and erosion at relatively low velocities, ballistics at higher velocities and 
cold spray deposition at intermediate velocities. Fig. 2.2 shows the effects of spray 
particle diameter and impact velocity in determining which phenomenon takes place 
between spray particle and substrate surface. It can be clearly seen in Fig. 2.2 that 
only the spray particles having velocities approximately in the range of 300-1200 m/s 




Figure 2.2: Particle impact on a solid surface: Influence of impact velocity and 
particle size on features of the interaction. Regions characteristic of 
certain impact phenomena are shown [67]. 
Since spray particle velocity determines whether deposition of spray particle on 
substrate surface or erosion of substrate takes place upon impact, the most important 
parameter in CGDS is the velocity of the spray particle prior to impact on a substrate 
surface. For a given spray particle and substrate pair, there is a critical particle 
velocity. Only those particles that reach or exceed the critical velocity can plastically 
deform sufficiently and be deposited effectively on the substrate surface 
[22,36,40,42,48,50,52,57,58,63,68-70]. On the other hand, spray particles having 
velocities less than the critical velocity have insufficient kinetic energy to plastically 
deform and lead to shot peening or erosion of substrate [20,30,36,38,40,48,50,68,69]. 
Critical velocity can also be defined as the threshold velocity at which a significant 
increase in deposition efficiency is observed. Deposition efficiency (DE) is the ratio 
of mass of deposited layer to the mass of sprayed powder [21,64,71]. As can be seen 
in Fig. 2.3 below a critical spray particle velocity value, deposition efficiency is zero 
because erosion of substrate occurs instead of deposition of the spray particles. When 
mean spray particle velocity exceeds a critical value, deposition starts with a low 





Figure 2.3: Deposition efficiency with respect to spray particle velocity [70]. 
Table 2.1 shows the approximate critical velocity ranges of Cu, Fe, Ni and Al. 
Table 2.1: Approximate critical particle velocity ranges [68]. 





It can be seen from Table 2.1 that the type of material to be deposited has the 
strongest influence on the critical velocity. Many studies have focused on critical 
velocity and concluded that the critical velocity for particle deposition is material 
dependant and is influenced by the mechanical and physical properties of the spray 
particle [42,46,61,66,72-75]. Equation 2.1 can be used for calculating the critical 
velocity [48,61,63]. 
 = 667 − 0.014 + 0.08 − + 10 − 0.4( − )            (2.1) 








σ represent the density, melting point, reference temperature 
(usually 293K), impact temperature and yield stress of the spray particle in SI units, 
respectively. 
Equation 2.1 is based on material properties (density, melting point, yield stress) and 
process parameters (reference and impact temperatures). But some researchers have 
reported that critical velocity is affected not only by mechanical and physical 
properties of the spray particles and the substrate but also the size and size 
distribution of the spray particles as well as surface oxide state of the spray particles 
and the substrate [31,38,48,50,61,67,68]. 
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Among the materials listed in Table 2.1 although aluminum has the lowest density 
(and high ductility), it has the highest critical velocity. This may be due to the 
formation of protective oxide layer, alumina, on aluminum particles when they are 
exposed to air. Alumina possesses a high hardness, excellent wear and corrosion 
resistance but can cause a reduction in ductility [1,24]. Numerical studies have 
shown that presence of surface oxide film restrains the particle deformation upon 
impact [31,57]. For this reason, for the deposition of aluminum the impact energy 
must be sufficiently high to disrupt and break down this oxide film so that sufficient 
plastic deformation of the particle becomes possible. 
Different critical velocities for the same material have been reported in the literature. 
Several critical velocities for aluminum feedstock powder were reported depending 
on the particle size. For example, values between 600 and 680 m/s were mentioned 
for aluminum particles below 50 µm [44,47,61], while a critical velocity of 440 m/s 
was found for larger particles (> 50 µm) [45]. The reason of this finding is that larger 
particles have more kinetic energy therefore more energy to break the oxide film 
before plastic deformation upon impact. Similarly Li et al. [76] stated that the critical 
velocity for larger Al–12Si particles was lower than that of smaller Al–12Si particles. 
Schmidt et al. [61] investigated the material properties on impact phenomena, 
especially particle bonding. In their studies they modeled the interaction of copper 
and steel 316L particles and substrates using commercial Lagrangial finite element 
program ABAQUS/Explicit. As illustrated in Fig. 2.4, they stated that critical 
velocity for copper and steel 316L particles decreased as the spray particle diameter 
increased due to higher kinetic energy of bigger particles. 
 




It does not mean that all bigger spray particles deposit on substrate surface easily due 
to their higher kinetic energies at lower particle velocities. As the particle size 
increases, it gets more difficult to accelerate the particles and thus obtain enough 
kinetic energy required for plastic deformation. For most materials, there is an 
optimum particle size range where impact velocity () is significantly higher 
than critical velocity (). Fig. 2.5 shows particle velocity and critical velocity 
over particle size. When spray particle size is too small there is no deposition on the 
substrate due to insufficient kinetic energies of spray particles (left hand side). On 
the other hand, when spray particle size is too big, critical velocity and impact 
velocity are almost the same which results in increased porosity and lower deposition 
efficiency. Therefore spray particle size needs to be optimized to obtain higher 
impact velocity than the critical velocity. 
 
Figure 2.5: Critical velocity and impact velocity over particle size. Optimum particle 
size distrubution for cold spraying [61]. 
The state of the substrate affects the spray particle critical velocity for the first 
coating layer. Once the first layer of coating is formed, the subsequent incoming 
spray particles impact and build up on the initial coating layer. In other words once a 
coating begins to deposit onto a substrate, its growth occurs at a constant rate 
regardless of substrate type. Van Steenkiste et al. [77] and Zhang et al. [78] produced 
aluminum coatings with a single pass of the nozzle over various types of substrates 
and evaluated the ease of initiation of coating deposition taking build up thickness 
into consideration. In each study, the authors reported that the coatings produced on 
steel substrates were thicker than the ones produced on aluminum substrates. The 
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deposition onto an aluminum alloy substrate was different and slightly more difficult 
due to the presence of oxide layer which prevents metal-metal contact on the 
substrate surface. As a result, the deposition efficiency depends on the substrate type. 
A higher particle velocity is required to break the surface oxides and produce 
coatings on aluminum substrates. They also reported that initiation of deposition onto 
soft metallic substrates was difficult due to the lack of deformation of the aluminum 
spray particles and ease of initiation of aluminum deposition increased as the 
hardness of metallic substrates increased. Zhang et al. [78] also stated that spraying 
onto nonmetallic substrates yielded very thin, interrupted deposits due to the lack of 
metallic bond formation between aluminum spray particles and nonmetallic 
substrates. 
Gilmore et al. [64] performed copper coating on aluminum substrate and compared 
their results to the ones reported by A.N. Papyrin et al. [79] who performed copper 
coating on copper substrate. Gilmore et al. reported higher critical velocity for 
copper particles sprayed on aluminum substrate than the ones sprayed on copper 
substrate (Fig. 2.6). Their results also show that critical velocity of a spray particle is 
also substrate dependant (Fig. 2.6). 
 
Figure 2.6: Effect of mean particle velocity on deposition efficiency [64]. 
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The critical velocity can be different even if the same spray particles are sprayed 
onto the two substrates that have the same chemical composition but have undergone 
different heat treatments [53]. 
Spray (impact) angle is defined as the angle between substrate and spray gun. 
Gilmore et al. [64] have shown the influence of spray angle on deposition efficiency. 
As illustrated in Fig. 2.7, the deposition efficiency decreases with the increasing 
spraying angle. The main reason of decreasing deposition efficiency with increasing 
spray angle is the reduction in the normal velocity component of the spray particle. 
Their finding clearly shows that the optimal configuration is obtained when the spray 
gun is held normal to the substrate. 
 
Figure 2.7: Deposition efficiency as a function of impact (spray) angle [64]. 
Substrate temperature and particle impact temperature are other important parameters 
affecting the critical velocity. Experimental studies have shown that heating the 
substrate can help deposition under the same spraying parameters [67]. At the same 
time, as shown in Fig. 2.8, modelling work has shown that higher impact temperature 
can allow for a decrease in critical velocity due to thermal softening of the spray 
particle [38,61]. Unfortunately because particle impact temperature strongly depends 
on the flow conditions, nozzle geometry, particle preheat temperature and particle 
size distribution, unlike other parameters particle impact temperature is not an easily 
controlled parameter. All these parameters influence the heat transfer mechanism 
between the gas flow and the spray particles in the nozzle, thus affecting the particle 




Figure 2.8: Critical velocity as a function of particle impact temperature [80]. 
Previous studies reported in the literature evidently show that spray particle velocity 
prior to impact on substrate is a key parameter in increasing the deposition 
efficiency. Therefore it is essential to understand the acceleration behavior of a spray 
particle. Since acceleration of spray particles is facilitated by supersonic gas streams, 
comprehension of the theory of isentropic one dimensional flow plays an important 





3. ISENTROPIC ONE DIMENSIONAL FLOW 
In this section, the theory and analysis of an isentropic one-dimensional gas flow in a 
nozzle will be reviewed. In order to facilitate the comprehension of flow behavior of 
one-dimensional flow in a nozzle the following assumptions have been made [81]:  
1.) Gases used for generating the main flow in CGDS systems are inert gases 
such as nitrogen or helium, therefore it is possible to consider these fluids as 
calorically perfect gases with no interaction between the gas molecules. 
2.) Fluid properties and flow conditions are uniform at any given cross-section of 
the nozzle.  
3.) Flow velocity is axial and flow is steady-state. 
4.) Flow is adiabatic and reversible, therefore stagnation pressure and 
temperature are constant and equal to the reservoir values. 
5.) No energy is added or no energy is lost due to friction. Change in potential 
energy is negligible. 
6.) Specific heat of gas is constant and does not change with respect to 
temperature. 
When the adiabatic and reversible assumptions are applied to the second law of 
thermodynamics, the flow is found to be isentropic. When these simplifications are 
applied to the conservation equations such as continuity and energy, relatively simple 
expressions can be obtained to quantify flow behavior. Although the assumptions 
unavoidably introduce errors when computing the flow behavior, they allow for a 
simple and sufficiently accurate first approximation of the CGDS nozzle flow. 
In gas dynamics, behavior of a gas flowing through a varying cross sectional nozzle 
is described using laws of continuity and thermodynamics. Since nozzle has only one 
input and one output, mass flow rate (.) is constant along the nozzle according to 
the mass continuity equation (3.1) [81].  
 . =  =  (3.1) 
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where ,  and  are the flow density, flow velocity and local cross sectional area, 
respectively. 










= 0 (3.2) 
According to the first law of thermodynamics which depicts the conservation of 
energy the following equation can be written assuming the kinetic energy of gas in 
the tank is negligible [81]. 
 ℎ = ℎ +

 
=  (3.3) 
where ℎ is the enthalpy. If equation (3.3) is differentiated, it can be written as [81] 
 ℎ +  = 0 (3.4) 
According to the second law of thermodynamics (Gibbs law) [81], 
 ℎ − 

= 0 (3.5) 
where   is the pressure. 
Combination of equations (3.4) and (3.5) gives [81] 
  = − 

 (3.6) 
On the other hand, in general speed of sound (!) is expressed by [82]   
 ! = "! (3.7) 
where #	is the bulk elasticity modulus (or the modulus of bulk elasticity for gas 
mediums) and  is the density of a material. Thus the speed of sound increases as 
bulk elasticity modulus of a material increases, and decreases as the density of a 
material increases. For general equations of state, if classical mechanics is used, the 
speed of sound ! is given by [82] 
 ! = 

 (3.8) 
where differentiation is taken with respect to adiabatic change. 
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The speed of sound for a perfect gas can be evaluated by using equation (3.9), which 
expresses the variation of pressure with density for a perfect gas undergoing an 













= ! (3.10) 







 ! = "" = (%) (3.12) 
where ) is the specific gas constant (the universal gas constant divided by gas 
molecular weight) and  is the temperature. % is 1.66 and 1.44 for monoatomic gases 
and diatomic gases (air), respectively. 







If equations (3.6) and (3.13) are combined, following equation is obtained [81] 
 ! &

' = − (3.14) 
The Mach number,	, is the ratio of the local flow velocity to the speed of sound in a 
particular fluid and is expressed as [81] 






The following equation can be written by rearranging equation (3.2) and substituting 









If equation (3.6) is substituted into equation (3.16), following equation can be written 
[81]. 
  1 −  =  

 (3.17) 
The most important parameter of equations (3.16) and (3.17) is the Mach number. 
Mach number determines the behavior of flow throughout a nozzle. In other words 
flow behavior in a variable cross section nozzle strongly depends on the Mach 
number. In the case of a subsonic flow where Mach number is less than one and 
(1 − ) is greater than zero, in the converging section where / is less than 
zero, pressure decreases and velocity increases. In diverging section where / is 
greater than zero, conversely, pressure increases and velocity decreases (Fig. 3.1a). 
On the other hand, in the case of a supersonic flow where Mach number is greater 
than one and (1 − ) is less than zero, in the converging section where / is 
less than zero increase in pressure and decrease in velocity are observed, however, in 
the diverging section where / is greater than zero, drop in pressure and increase 





Figure 3.1: Velocity and pressure changes of a flow passing through a converging-
diverging nozzle (a) subsonic flow ( < 1) and (b) supersonic flow 
( > 1) [81]. 
21 
 
Therefore according to equations (3.16) and (3.17), a specific type of nozzle 
geometry is required to accelerate a flow to supersonic speeds. The flow must first be 
accelerated in the subsonic regime by a converging nozzle. Given the proper gas inlet 
conditions, this geometry will allow the flow to reach the speed of sound (M=1), at 
which point the flow is said to be choked and its behavior changes to that of the 
supersonic regime. Therefore a diverging nozzle is required to further accelerate the 
flow to supersonic velocities. In other words the isentropic acceleration of a fluid to a 
supersonic velocity can only be achieved by passing the fluid through a converging 
section followed by diverging section (Fig. 3.2). 
 
Figure 3.2: Converging-diverging nozzle designed to accelerate a flow from 
negligible velocity to a supersonic velocity [81]. 
Nozzles used in CGDS are therefore referred to as converging-diverging nozzles. 
The location of the minimum cross-sectional area in a converging-diverging nozzle is 
known as the throat and must have a local Mach number of 1 for achieving 
supersonic flow in the divergent section. 
3.1 Stagnation Properties 
The properties of a flow which is adiabatically brought to rest ( = 0) through an 
isentropic process are named stagnation properties. Simply stagnation state can be 
described as the state of zero velocity in an isentropic flow. Stagnation properties 
make the ideal conversion of fluid’s kinetic energy and potential energy into pressure 
and internal energy possible. The flow stagnation properties are of particular interest 
when considering the expansion of a gas in a converging-diverging nozzle. As a gas 
expands in the nozzle, energy is converted from pressure and thermal energy (thus 
enthalpy) into kinetic energy, and therefore the gas pressure and temperature 
decrease accordingly. In the case of a calorically perfect gas following an isentropic 
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expansion, the flow pressure and temperature can be determined based on the Mach 
number and the stagnation properties [81].  
At any point on a nozzle with variable cross section, the flow pressure can be defined 
by its stagnation pressure ( ) or its local static pressure ( ) and the flow 
temperature can be defined by its stagnation temperature () or its local temperature 
(). Pressure and temperature of a flow can be described using thermodynamic and 
momentum equations. From equation (3.3) stagnation or total enthalpy per unit mass 
is equal to the sum of local enthalpy and kinetic energy of gas [81]. 
For a perfect gas with constant specific heats [81] 
 ℎ − ℎ = !( − ) (3.18) 
where ! is the specific heat capacity at constant pressure.   




! is given by equation (3.20) [81]. 
 ! = ""' (3.20) 
If equations (3.15) and (3.20) are substituted into equation (3.19), equation (3.21) is 
obtained [81]. 
  = (1 + "'  ) (3.21) 
For a perfect gas with constant specific heats undergoing an isentropic process, there 
















 )  (3.23) 
Using equations (3.21) and (3.23), for a given Mach number, it is possible to 
calculate the required / and  	/  ratios to optimize flow conditions in the 
nozzle. Alternatively the Mach number reached by the flow and therefore its velocity 




It should be noted that for isentropic flow the Mach number of the flow at the throat 
is one [16]. During the derivation of stagnation properties from throat properties, this 
data has to be taken into consideration. 
Mass flow rate (∙) for a perfect gas with constant specific heats at any cross-
sectional area can be expressed in terms of stagnation pressure and temperature [81]. 
 ∙ =  = 
&
(%)  (3.24) 
When equations (3.21) and (3.23) are substituted into equation (3.24), equation 
(3.25) can be written [81]. 
 ∙ = 
%&
√%(1 + "'  )
()
() (3.25) 
or more simply, 




 +%, = √%(1 + "'  )
()
() (3.27) 
For isentropic flow that has constant stagnation pressure and temperature, cross-
sectional area,	, can be related directly to Mach number. If the area at which the 
Mach number is 1 is selected as a reference area (∗), for steady flow, the mass flow 
rate (∙  ) at area () should be equal to the mass flow rate (∗∙ ) at area (∗) [81]. 









= ,(, %) (3.29) 
where 
















Figure 3.3: Solution of equation (3.29) [81]. 
For each value of area ratio equation (3.29) yields two possible isentropic solutions, 
one is subsonic and the other supersonic (Fig. 3.3). The minimum area (throat area) 
occurs at Mach number of 1. This concurs with the result of equation (3.17); a 
converging-diverging nozzle is required to accelerate a slowly moving stream to 
supersonic velocities. 
3.2 Isentropic Flow in a Converging-Diverging Nozzle 
Discharging behavior of a stored gas through a converging-diverging nozzle is 
influenced by stagnation ( ) and back ( +) or exit ( ,) pressures. Back pressure is 
assumed to be equal to exit pressure for ease of understanding. Fig. 3.4 depicts the 
pressure distribution obtained in a nozzle for four different values of back pressure. 
Fig. 3.5 shows the mass flow rate for each value of back and stagnation pressure 





Figure 3.4: Different flow behaviors of an isentropic flow through a converging-
diverging nozzle [81]. 
In case 1, since stagnation pressure is equal to back pressure, there is no pressure 
gradient and therefore no flow along the nozzle. As the back pressure is decreased, a 
subsonic flow is generated through the nozzle in both converging and diverging 
sections (case 2). But pressure ratio is not sufficient to choke the nozzle at throat 
(<1 at the throat). So as it is known from equation (3.17) that for subsonic flow 
pressure decreases in the converging section and increases in the diverging section. 
In other words after being accelerated in the converging section of the nozzle, the 
flow begins to decelerate in the diverging section and remains subsonic throughout 
the nozzle. As the back pressure is decreased, the amount of flow in the nozzle 
increases until throat is choked and eventually sonic flow (=1) occurs at the throat 
(case 3 and 4). Decreasing the back pressure to below that of curve 3 does not affect 
upstream of the throat in any way. Flow rate and pressure distribution remain the 
same in the nozzle up to the throat. For all back pressures below that of curve 3, the 




Figure 3.5: Mass flow rate obtained throughout the nozzle at different stagnation and 
back pressure ratios [81]. 
According to equation (3.29), there are two possible isentropic solutions for a 
given	/∗, one subsonic and the other supersonic. For a throat Mach number of 1, 
isentropic flow can either decelerate to a subsonic exit velocity (case 3) or continue 
to accelerate to a supersonic exit velocity (case 4). 
In case 3, the pressure ratio is however too low to sustain supersonic flow in the 
diverging section. The flow decelerates in the diverging section and thus reverts to 
the subsonic regime. In case 4 the back pressure is lowered further and pressure ratio 
becomes large enough to sustain the supersonic flow in the diverging section. 
As a result it is desired that the nozzles used in CGDS process generate a matched 
flow like the one shown in case 4. 
3.3 Design Parameters of Converging-Diverging Nozzles used in CGDS 
Not all nozzles designed according to the ratios of back pressure and stagnation 
pressure (equation 3.23) or stagnation temperature and local temperature can produce 
the desired supersonic flow. In the design of converging-diverging nozzles used in 
CGDS, geometrical features of nozzle such as the ratio of throat area (∗) to exit 
area (,) should also be taken into consideration. In other words, design parameters 
for the one dimensional isentropic flow should be considered all together. At this 
27 
 
point equations (3.23) and (3.29) have an important role in fulfilling the design 
requirements for one dimensional isentropic flow entirely. 
From equation (3.29) exit Mach number (,) can be calculated for a specified exit 
area. The equation (3.29) can be adapted to equation (3.31). The equation (3.31) can 













where , and ∗ are the exit and throat areas, respectively. 
Equation (3.31) is solved for the Mach number for different values of the nozzle 
expansion ratio and specific heat ratios [22]. The numerical results are shown in Fig. 
3.6. As can be seen in Fig. 3.6 for a given specific heat ratio, gas mach number 
increases with increasing nozzle expansion ratio and for a given expansion ratio gas 
mach number increases as specific heat ratio increases. 
 
Figure 3.6: Variation of gas Mach number with nozzle expansion ratio and specific 
heat ratio (% = 
	
) [22]. 
3.4 Particle Acceleration in Isentropic Flow 
The previous sections have extensively discussed the behavior of flow inside a 
converging-diverging nozzle. In this section, the acceleration behavior of spray 
particles in a gas flow will be discussed. 
The acceleration of the spray particles occurs as a result of the drag force acting on 
their surface due to the high velocity flow. The drag force (/-) can be expressed by 
the following equation [16]. 
 /- = ' -( − )  (3.32) 
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where CD is the drag coefficient,  is the projected area of the powder particle, ρ is 
the density of the flow, and ( − ) is the relative velocity of flow with respect to 
the particle. 
The motion equation of a particle in an isentropic flow can be expressed as [16,23] 








where  is the mass of particle, - is the drag coefficient,  is the projected area 
of particle and  is the particle velocity. 
Equation (3.33) shows that ultimate particle velocity is equal to the gas velocity. 
If equation (3.33) is integrated assuming gas velocity, flow density and drag 










For low values of spray particle velocity compared to the gas velocity, equation 
(3.34) can be simplified [16,53]. 






According to equation 3.35 spray particle velocity depends on various parameters. 
First of all, particle velocity is mostly dependant on the flow velocity. This is why 
proper nozzle design is critical and higher flow velocities are desirable. On the other 
hand particle velocity also depends on drag coefficient indicating that morphology of 
the spray particle is important. When the projected area and mass of the spray 
particle are considered together it can be found that particle velocity is inversely 
proportional to its diameter. Therefore accelerating larger spray particles is more 
difficult. Finally particle velocity is also dependant on flow density and axial length. 
Stagnation properties have strong influence on flow density. Higher flow densities 
can be achieved by increasing the stagnation pressure. Higher gas stagnation 
temperatures lead to decrease in flow density, however, increasing the gas stagnation 
temperature results in higher flow velocity which has a greater affect on particle 
velocity than that of flow density. In the case of axial length, nozzles with longer 
diverging section have been able to accelerate the spray particles to higher velocities 
due to longer dwell time of the spray particles in the supersonic flow [16,20,65]. As a 
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result, nozzles used in CGDS should have long diverging sections in order to provide 
longer dwell time for spray particles which can therefore achieve higher velocities. 
3.4.1 Optimal particle acceleration 
Equation (3.35) shows that the particle velocity increases with the increasing gas 
velocity and gas flow density. However, gas dynamics equation (equation 3.17) 
reveals that flow density decreases as the gas velocity increases in the supersonic 
section of the nozzle. So, this situation makes it necessary to optimize the conditions 
that will produce the maximum acceleration on a spray particle. Dykhuizen and 
Smith [16] calculated the optimum relative gas velocity that maximizes the particle 
acceleration numerically based on drag force acting on a spray particle. The 
maximum drag force acting on a spray particle can be expressed by differentiating 
the right hand of equation (3.33) with respect to pressure or temperature which is 
related to isentropic assumptions. The maximum drag force is obtained when the 
particle velocity is very low compared to the gas velocity and can be expressed as 
 /- = -(  ) (3.36) 













= -() − 1) (3.38) 
Equation (3.38) shows that a relative gas velocity of √2 Mach yields the ultimate 
flow density and gas velocity that maximizes the spray particle acceleration. 
Dykhuizen and Smith also verified this finding experimentally. As illustrated in Fig. 
3.7, their results for two different distances from nozzle exit indicated that relative 
gas velocity of near Mach 1 maximized the spray particle acceleration. 
Figure 3.7: Spray particle velocity, at two distances from the 
function of Mach number [16].
3.4.2 Effects of variables on particle 
As can be seen in equation (3.35), t
technique is determined by gas velocity, consequently, by nozzle geometry, process 
gas conditions (type, pressure and temperature) as well as particle characteristics 
such as density, particle size and morphology. In t
parameters on particle acceleration will be discussed.
3.4.2.1 Nozzle geometry 
As discussed in theory of an isentropic flow, nozzle geometry has a strong influence 
on the Mach number of a gas flow. The expansion ratio of a noz
ratio of the exit area of nozzle to the throat area influences the acceleration of the gas 
flow, thus, that of the spray particle as well.
Dykhuizen and Smith [16] simulated how numerically calculated values of drag 
coefficient and exit particle velocity changed with the exit area ratio (expansion 
ratio). Their calculations have resulted in an optimal nozzle expansion of 1.7 for the 
maximum particle acceleration of 10 µm spray particles of 8 gr/cm
bar helium gas pressure (=1.6) 
exit particle velocity is not strongly dependant on expansion ratio.
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Figure 3.8: Effect of expansion ratio on the spray particle exit velocity and dr
coefficient [16].
Analytical analysis assumes that drag coefficient is constant. Numerical studies have 
shown that drag coefficient is not constant and increases with the increasing 
expansion ratio. Higher expansion ratios can be selected as design para
advantage of the high drag coefficients they lead to [16].
Ajdelsztajn et al. [23] studied accel
aluminum alloys. In their research, before deposition of nanocrystalline aluminum 
alloys they devised mathematical models for nozzle design. In their mathematical 
model they analyzed the effect of expansion ratio and divergent section length of the 
nozzle on the spray particle exit velocity. Model done by Ajdelsztajn et al. also 
displayed that nozzle exit velocity of nanocrystalline aluminum alloy powder 
increased when the exit diameter of the nozzle was increased from 6.0 mm to 7.3 mm 
with the same nozzle length and process parameters.
The effect of expansion ratio on particle exit velocity was stud
researchers in terms of nozzle inlet pressure, gas temperature at the nozzle inlet, type 
of gas, spray particle size and divergent section length of the nozzle.
Li et al. investigated [30] the o
analysis for particle velocity and experimental validation with 316L stainless steel 
powder. In their research they studied the effect of exit diameter on particle velocity 
by means of gas pressure, gas temperature, gas type, spray particle size and 
section length keeping throat diameter constant at 2.7 mm and changing the nozzle 
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Jung et al. [83] carried out a computational modeling for cold spray process on 
complex interactions between the gas flow and particle dynamics inside and outside 
the nozzle using PHOENICS computational fluid dynamics software. They ran their 
model at different nozzle gas inlet pressures and gas inlet temperatures with varying 
nozzle design parameters such as exit diameter, convergent and divergent section 
lengths. They used nitrogen and 15 µm aluminum particles in their studies. 
Considering gas pressure at the nozzle inlet, numerical analyses pointed that at the 
same pressure values spray particle velocity increased with the increasing nozzle exit 
diameter (expansion ratio) until reaching a maximum value at some exit diameter. At 
the same time, numerical models showed that nozzle exit diameter which produced 
the maximum spray particle velocity increased little as the gas inlet pressure 
increased. Fig. 3.9 shows the change of spray particle velocity with the expansion 
ratio under different gas inlet pressures. 
  
(a) (b) 
Figure 3.9: Effect of gas inlet pressure on optimal nozzle exit diameter, (a) for 316L 
stainless powder [30] and (b) for 15µm aluminum particle [83]. 
Models designed to examine how the nozzle exit diameter influences the spray 
particle velocity under constant gas inlet pressure at different gas inlet temperatures 
have indicated that optimal exit diameter slightly decreases when the gas inlet 
temperature increases. Fig. 3.10 shows the change of the spray particle exit velocity 





Figure 3.10: Effect of gas inlet temperature on optimal nozzle exit diameter, (a) for 
316L stainless powder [30] and (b) for 15µm aluminum particle [83]. 
Li et al. [30] inquired the effect of gas type on optimal nozzle exit diameter for 316L 
type stainless powder under constant gas inlet temperature and pressure. They 
noticed a great difference in particle velocity when the gas type was changed. They 
found out that the optimal nozzle exit diameters were 5.0 mm and 4.6 mm for 
nitrogen and helium, respectively (Fig. 3.11). 
 
Figure 3.11: Effect of gas type on optimal nozzle exit diameter for 316L type 
stainless particle [30]. 
Numerical models showed that the spray particle size had a significant effect on the 
optimal nozzle exit diameter and revealed that the optimal nozzle exit diameter 
decreased with increasing spray particle size under constant gas inlet pressure and 
temperature for the same gas type. Fig. 3.12 shows the change of the particle velocity 
with the expansion ratio for different spray particle sizes in the same gas flow with 






Figure 3.12: Effect of spray particle size on optimal nozzle exit diameter (a) 316L 
type stainless steel [30] and (b) for copper particle in nitrogen flow at 
pressure of 2MPa and a temperature of 300°C [51]. 
The length of the divergent section of a nozzle plays an important role in achieving 
higher spray particle velocities. To determine the effect of divergent section length 
on the optimal nozzle exit diameter scientists performed analyses with nozzles 
having different divergent section lengths under the same spraying parameters. They 
inferred that the optimal nozzle exit diameter increased as the divergent section 
length increased and nozzles with longer divergent lengths produced higher spray 
particle velocities [23,30,83]. Fig. 3.13 shows the change of the particle velocity with 
the expansion ratio for different divergent section lengths. 
  
(a) (b) 
Figure 3.13: Effect of divergent section length on optimal nozzle exit diameter (a) 
for 316L type stainless steel powder [30] and (b) for 15µm aluminum 
particle [83]. 
It can be concluded that for all variables particle velocity is likely to increase slightly 
with the increasing exit diameter until a certain value of the expansion ratio which 
produces the maximum spray particle velocity. 
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3.4.2.2 Gas type 
According to equation (3.12) speed of sound strongly depends on specific heat ratio 
(%) and specific gas constant ()). As discussed in section 3 specific heat ratio and 
specific gas constant are gas characteristics. In order to increase the speed of sound 
through a nozzle, therefore the flow velocity (equation 3.15) and the spray particle 
velocity (equation 3.35), a gas of lower molecular weight and/or higher specific heat 
ratio should be selected. At this point higher flow velocities and spray particle 
velocities were reported by many researchers using helium as a process gas due to its 
lower molecular weight and higher specific heat ratio when compared with nitrogen 
and/or air. 
There are three articles written by Li et al. [38,51,69] based on numerical analysis on 
acceleration behavior and deposition efficiency using two different process gases 
(helium and nitrogen). 
Zahiri et al. [13] studied characterization of a titanium cold spray free jet using 
different propellant gases (helium and nitrogen) with respect to stagnation 
temperature and pressure. 
All studies indicated that the spray particle velocity increased remarkably as the 
process gas was changed from nitrogen to helium. An example of how the spray 
particle velocity changes with respect to process gas type is given in Fig. 3.14 for 
copper particles. 
 
Figure 3.14: Effect of process gas type with inlet pressure of 2MPa and temperature 





3.4.2.3 Gas temperature 
As mentioned in section 2.2, process gas can be heated upon request. According to 
equation (3.21) a higher gas inlet temperature results in higher local gas temperature 
throughout the nozzle and according to equation (3.12) a higher local temperature 
produces a higher local speed of sound, consequently, a higher flow velocity 
(equation 3.15). Therefore better particle acceleration is expected at higher gas inlet 
temperatures. 
The effect of gas temperature on the spray particle velocity was studied by many 
researchers. 
Gilmore et al. [64] measured the in-flight particle velocities of copper particles with 
volumetric mean diameters of 19 µm and 22 µm utilizing a laser two-focus system as 
a function of process parameters such as gas inlet temperature, gas inlet pressure and 
powder feed rate. 
Smith et al. [45] contributed to the understanding of acceleration behavior of 
relatively large aluminum particles, where the majority of the particles have 
diameters greater than 50 µm at different gas inlet temperatures. 
Stoltenhoff et al. [20] performed computational fluid dynamics (CFD) and extensive 
spray tests on gas and particle flow for different nozzle geometries and process 
parameters for detailed analyses of the cold sprayed copper coatings. 
Li et al. [68] examined the deposition characteristics of cold sprayed titanium under 
different gas inlet pressures and temperatures using nitrogen and helium as 
accelerating gases. 
Li et al. [38,51] carried out numerical analysis using a computational fluid dynamics 
program, FLUENT, and experimental studies on the acceleration behavior of copper 
particles in cold spraying at different gas inlet temperatures. 
Jodoin et al. [56] presented a mathematical model to calculate characteristic values 
(such as gas and particle velocity) in a CGDS nozzle and compared the model results 
with experimentally measured values under different gas inlet pressures and 
temperatures. 
King et al. [84] produced coatings of aluminum and Nd2Fe14B permanent magnet 
blends by cold spray technique at different gas inlet temperatures. 
Wang et al. [58] investigated the influence of gas inlet pressure and temperature on 
Ti particle velocity numerically using nitrogen as 
Li et al. [76] produced aluminum
technique. Before experimental studies they simulated the spray particle velocities at 
two different gas inlet temperatures. 
Smurov et al. [65] studied the deposit
multicomponent coatings by cold spray at different gas inlet temperatures.
Zahiri et al. [13] characterized 
temperatures under different nozzle inlet pressure
and nitrogen). 
All researchers ended up with similar results about the effect of gas inlet temperature 
on the particle acceleration behavior. They all stated that the particle velocity and 
deposition efficiency increased 
An example of how the spray particle velocity changes with respect to gas inlet 
temperature is shown in Fig. 3.15.
Figure 3.15: Computed Al particle velocity (at nozzle exit) as a function of main gas 
temperature [45].
Heating the process gas does not result in increase in particle temperature 
significantly. Since the process gas has a velocity and accelerates in 
converging and diverging sections of the nozzle, temperature of the gas flow 
decreases continuously through the nozzle. Therefore the gas temperature sensed by 
spray particles at the injection location is less than nozzle inlet temperature and 
decreases continuously. At the same time since spray particles accelerate quickly in 
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the nozzle, contact time of a spray particle with gas flow is very limited and not 
enough to increase the spray particle temperature considerably.
Numerical simulations have been used to calc
at the nozzle exit. Smith et al. [45] showed that gas (air) temperature at the nozzle 
exit was approximately -75°C and 0°C when the nozzle inlet temperature was 204°C 
and 371°C, respectively. Smith et al. also reporte
had a temperature of approximately 80°C and 150°C when the gas nozzle inlet 
temperature was 204°C and 371°C, respectively (Fig. 3.16a). Smith et al. also stated 
that particle temperature increased as the spray particle dia
Stoltenhoff et al. [20] showed that the temperature of a 15 µm copper particle at the 
nozzle exit was -73°C and 227°C when it was injected in a gas (nitrogen) flow with a 
temperature of 20°C and 520°C, respectively (Fig. 3.16b). It can be 
the spray particles have a higher temperature than the process gas in the divergent 
section of the nozzle and approaching the nozzle exit the particles cool noticeably but 
retain a higher temperature than the propellant gas.
(a) 
Figure 3.16: Calculated temperature and velocity values at nozzle exit as a function 
of gas inlet temperature of (a) Al particle [45] and (b) 15 µm Cu 
particles [20]. 
3.4.2.4 Gas pressure 
Higher nozzle inlet pressures result in higher pressure values along
consequently, higher pressure difference between inside of the nozzle and outside of 
the nozzle. Higher pressure difference creates higher flow velocity, thus higher 
particle velocity. Fig. 3.17 demonstrates the variation of polyolefin particl
obtained by a numerical model with respect to gas inlet pressure [27]. The particles 
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sprayed at higher pressures experienced a greater acceleration and higher final 
velocities than the ones sprayed at lower pressures. Similar results obtained by 
numerical models and experimental studies were reported for several kinds of spray 
particles by researchers. The studies of Gilmore et al. [64], Stoltenhoff et al. [20], 
Whan et al. [58,85], Li et al. [51] and Zahiri et al. [13] are some examples related to 
the effect of gas pressure in CGDS. 
 
Figure 3.17: Predicted nozzle exit velocity for 150 and 250 µm polyolefin particles 
as a function of air pressure at the nozzle inlet [27]. 
3.4.2.5 Stand-off distance 
Numerical and experimental studies [13,20,30,51,64,86] done to investigate the 
acceleration behavior of spray particles after they leave the nozzle pointed out that 
spray particles kept accelerating for a specific distance and then decelerated. Fig. 
3.18 shows the change of particle velocity with respect to distance from nozzle exit 
for commercially pure titanium particles under different given spray parameters. 
 
Figure 3.18: Changes of CP titanium particle velocity as a function of distance from 
nozzle exit under different spray parameters [13]. 
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3.4.2.6 Injection location 
As shown in Fig. 3.19 there are two options for the spray particle feeding location; 
upstream of throat where the flow is subsonic and downstream of throat where the 
flow is supersonic. The numerical simulations have shown that under certain 
conditions, the location of the powder injection has a strong effect on the particle in-
flight parameters (particle velocity and temperature). Klinkov et al. [65] are the ones 
who performed numerical models for 10, 20 and 40 µm aluminum particles 
accelerated through an axisymmetric Laval nozzle to assess the influence of the 
location of the spray particle injection on the particle in-flight parameters and 
discussed the effect of injection location on spray particle acceleration behavior in 
detail. In their models they used nitrogen as process gas under a stagnation pressure 





Figure 3.19: Nozzles with different locations of powder injection (a) the subsonic 
and (b) supersonic sections [65]. 
Their model showed that spray particles injected at the subsonic location where the 
gas is still hot and flows slowly, reached higher temperatures when compared to the 
spray particles injected at supersonic location. The reason for the heating up the 
spray particles can be attributed to higher contact time of the spray particles with hot 
gas flow when they are injected at subsonic region. But since the temperature of gas 
flow decreased sharply as it expanded and accelerated, spray particles injected at 
subsonic region of nozzle noticeably cooled in the supersonic region of the nozzle as 
they were accelerated but retained an overall higher temperature than the process gas. 
On the other hand since the temperature of gas flow had already decreased in 
supersonic region of the nozzle, the temperature of the spray particles injected at the 
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supersonic region of the nozzle did not reach higher values and remained constant or 
decreased a little (Fig. 3.20a). 
As for the particle velocity, since the spray particles existed in the gas flow for a 
longer time and where most of gas acceleration (90%) took place in the nozzle 
(throat and in the first third section of the diverging section of the nozzle [20]), 




Figure 3.20: Axial temperature and velocity distribution of the gas and of the 10, 20 
and 40 µm aluminum particles inside the nozzle for the two locations of 
the powder injection: in the subsonic and supersonic parts of the 
nozzle, x-distance along the nozzle axis: (a) particle temperature and 
gas static temperature; (b) particle and gas velocity. Curves 1, 2, 3 
correspond to 10, 20, 40 µm particles injected at subsonic region, 
curves 4, 5, 6 correspond to 10, 20, 40 µm particles, injected at 
supersonic region; curve 7 corresponds to the gas parameters [65]. 
3.4.2.7 Powder feeding rate 
Numerical and experimental studies have revealed that spray particle velocity is 
slightly affected by powder feeding rate. There are few reported studies related to the 
effect of powder feeding rate on the spray particle velocity. Gilmore et al. [64] and 
Taylor et al. [37] investigated the effect of powder feeding rate on the spray particle 
velocity. For this purpose Gilmore et al. [64] measured the mean spray particle 
velocity of 22 µm copper particles under given spray parameters with respect to 
powder feeding rate. And Taylor et al. [37] modeled the acceleration behaviors of 
larger and smaller copper particles under different feeding rates. Gilmore et al. [64] 
stated that mass feeding rate of more than about 0.5 g/s, the mean spray particle 
velocity decreased linearly with the mass feed rate (Fig. 3.21a). Similarly model 
prepared by Taylor et al. [37] indicated that powder loading rate had a small effect 




Figure 3.21: Particle velocity versus powder feeding rate (a) 22 mm copper powder 
at 25 °C with 2.1 MPa (300 psi) air driving gas [64] and (b) Modeling 
results of copper particles. The top line represents the smaller particles, 
while the bottom line represents the larger particles [37]. 
The reason for the poor particle acceleration can be attributed to increased mass that 
the gas flow must accelerate [64]. 
3.4.2.8 Spray particle characteristics 
Among the spray particle characteristics particle size and particle density have great 
influence on the acceleration behavior because they determine the weight of the 
spray particle. It can easily be imagined that under a constant drag force heavier 
spray particles can have less acceleration, consequently, slower spray particle 
velocity. Equation (3.35) shows that spray particle acceleration is inversely 
proportional to the square roots of the spray particle density and the spray particle 
diameter. So it is expected that finer and lighter particles should have higher impact 
velocities for a given set of spray parameters. Klinkov et al. [65] reported that 
particle velocity decreased as the particle diameter increased in their studies on the 





Figure 3.22: Changes of Al and Cu particle velocities at the nozzle outlet with 
respect to particle diameter [65]. 
This finding has been verified for various types of spray particles under different 
spray parameters both experimentally and numerically by many researchers 
[20,22,37,38,51,58,64,69,76,85]. 
King et al. [84] calculated the particle exit velocity for 20 µm particles of different 
densities at different stagnation temperatures. They figured out that particle exit 
velocity dropped as the density of particle increased (Fig. 3.23). 
 
Figure 3.23: Effect of particle density on particle velocity at the nozzle exit for 20 





It should be noted that although bigger and heavier spray particles have less velocity 
as compared to that of smaller and lighter spray particles, it does not mean that 
bigger and heavier spray particles do not take part in deposition. Because as 
mentioned in section 2.3, critical velocity decreases as the spray particle size 
increases and bigger and heavier spray particles conserve their momentum and  
velocity better than smaller and lighter spray particles against the shock wave which 
is inevitably formed when the supersonic gas flow hits the substrate and the flow 
velocity is reduced to zero. So bigger and heavier spray particles are more likely to 




4. BONDING MECHANISM 
Actual bonding mechanism could not be understood clearly in the early days of the 
cold gas dynamic spraying technology. Some scientists claimed that it was necessary 
for particles accelerated in a gas stream to reach their melting point or a temperature 
close to their melting point in order to be deposited when they impacted on the 
substrate surface. On the other hand, some researchers defended the idea that there 
were no physical changes during coating formation [24,44]. 
Today it is believed that the coating formation in CGDS is based on conversion of 
the particles’ high kinetic energy to plastic deformation during impacting of particles 
on the substrate. The observation that various ductile materials can easily be 
deposited but brittle materials cannot unless they are mixed with a ductile material 
supports the idea that bonding mechanism is severe plastic deformation of spray 
particles [16,17,21,22,39]. Therefore, spray particles should have enough kinetic 
energy to undergo plastic deformation and thus achieve deposition. This evidence 
provides an explanation to the critical velocity that is the minimum velocity 
necessary to achieve deposition [16-18,26,39]. 
Today bonding mechanism has not still been clearly understood and is of great 
interest [17,57]. Numerous studies have been conducted in order to investigate the 
spray particle-substrate and spray particle-spray particle bonding mechanisms 
[17,21,41,45,47,63,78,87]. All studies have shown that upon impact of spray 
particles with high velocity onto the substrate the kinetic energy of the particles is 
spent for plastic deformation of the particles induced by adiabatic shear stress and for 
local heat release as well [26,63]. Disagreement between researchers is whether the 
amount of heat dissipated upon impact is sufficient to cause localized melting and/or 
softening of the spray particle. Calculations and numerical models have revealed that 
particle kinetic energy is not sufficient to melt the particles [17,18,45]. This evidence 
suggests that spray particle temperature stays well below its melting point and there 
are no physical changes. One can conclude that deposition mechanism is a solid-state 
process.  
In order to enhance the understanding of bonding mechanism in CGDS, many 
simulations have been designed. In the following paragraphs, the explanations 
obtained through numerical and experimental investigations reported in the literature 
will be discussed. 
The first bonding mechanism reported in the late 1990s by Dykhuizen
proposes that the severe plastic deformation under a high localized pressure (high 
velocity impact) results in solid state
surface films and provides better contact between spray particle and substrate, thus, 
promotes good bonding between spray particle and substrate. Fig. 4.1 illustrates 
impact of a copper particle on a stainless steel substrate. The formation of crater 
created by impacting copper particle and jet type flow of material at the interface can 
be observed. Result of this work [17] revealed that jet type flow of both the spray 
particle and substrate had occurred and there was no need for melting of neither the 
spray particle nor the substrate to achieve good bonding. A similar bonding 
mechanism where there was evidence of localized plastic flow but no evidence of 
melting upon impact was suggested by Van Steenkiste et al. [45].
Figure 4.1: Cross section of a splat created by the impact of 
particle onto a stainless steel substrate [17].
Numerical studies performed for simulating the collision of a single 20 µm 
aluminum particle on copper substrate, a single 20 µm copper particle on aluminum 
substrate [21] and a single copper
incident velocities suggest the conversion of particles’ kinetic energy into internal 
energy that is mostly spent for plastic deformation and generation of heat at the 
contact area during impacting of spra
performed to further investigate the previously discussed jet type bonding 
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mechanism and to determine how the formation of such a jet helps to promote 
bonding suggest that bonding by means of localized melting and re-solidifying of the 
spray particle-substrate interface is of minimal importance due to the very short time 
period (approximately 20ns) over which the jetting interface is subjected to increased 
temperatures resulting from heat dissipation [21]. 
Fig. 4.2 shows the simulation results of the collision between a single 20 µm 
diameter aluminum particle with an incident velocity of 650 m/s and copper substrate 
at four different instants (5, 20, 35 and 50 ns) after the initial particle-substrate 
contact. Simulation results show that as the particle-substrate contact time increases, 
the particle aspect (height/width) ratio decreases while the substrate crater depth and 
width increase indicating that plastic deformation occurs by flattening of the spray 
particles (decrease in height to width ratio) together with crater formation on the 
substrate with jet type of material flow. 
As shown in Fig. 4.3, similar results were observed in the case of collision between a 
single 20 µm diameter copper particle with an incident velocity of 650 m/s and 
aluminum substrate. However, in this case smaller flattening ratio of spray particle 
and deeper substrate crater were observed resulting in smaller final particle-substrate 
contact surface area. This observation can be attributed to higher kinetic energy 
associated with the heavier copper particle and lower strength of aluminum as 













Figure 4.2: The evolutions of shapes of a 20 µm diameter aluminum spray particle 
and a copper substrate-crater for the incident particle velocity of 650 





Figure 4.3: The evolutions of shapes of a 20 µm diameter copper spray particle and 
a aluminum substrate-crater for the incident particle velocity of 650 m/s 
at the times: (a) 5 ns, (b) 20 ns, (c) 35 ns and (d) 50 ns [21]. 
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Since deformation is dependant on particle and substrate strengths, formation of 
substrate craters are not always observed at the substrate and particle interface [49]. 
Deposition experiments of aluminum particles on steel substrates have shown limited 
deformation of the substrate during the spraying process [76,78]. Deformation was 
mostly restricted to the aluminum particles due to the lower strength of aluminum as 
compared to that of steel. 
Simulation results also indicate that time required to transform the kinetic energy of a 
spray particle to internal energy increases with increasing kinetic energy. At the same 
velocity, as shown in Fig. 4.4, longer impacting time is required for the bigger 
particles of the same material due to their higher kinetic energies. 
  
(a) (b) 
Figure 4.4: Energy changes during impacting of (a) 20µm and (b) 80 µm copper 
particles on copper substrate at a velocity of 500m/s [26]. 
Recent numerical models designed to investigate the deformation of spray particles 
upon impact suggest that the bonding mechanism in CGDS is attributable to 
adiabatic shear instabilities [63,87]. The current CGDS bonding mechanism is the 
rapid localized heating and shearing phenomenon known as the adiabatic shear 
instability. The adiabatic shear instability mechanism was first described in detail by 
Wright [24,87] and subsequently used to explain the deformation mechanism for 
particle-particle and particle-substrate bonding during the CGDS process by Assadi 
et al. [63] and Grujicic et al. [87]. 
To understand the adiabatic shear instability on a simple level, typical stress–strain 
curves are shown in Fig. 4.5. For a typical strain-hardening material under non-
adiabatic conditions (isothermal), the flow stress increases as plastic strain is 
increased. On the other hand, under adiabatic conditions, the plastic strain energy is 
dissipated to heat energy causing temperature increase, thus, material softening. 
Temperature rise overcomes the effect of strain hardening and consequently the flow 
stress decreases as plastic strain is increased after reaching a maximum value (the 
curve labeled ‘‘Adiabatic’’ in Fig. 4.5). Theoretically with u
stress, strain and temperature in a uniform microstructure, softening can continue 
indefinitely in ideal materials. In real materials, however, fluctuations in stress, 
strain, temperature or microstructure, and the inherent instabili
can cause plastic flow (shear) localization. Under such conditions, shearing and 
heating (and consequently softening) become highly localized, while the straining 
and heating in the surrounding material regions practically stops. Thi
the flow stress to quickly drop to zero (the curve denoted ‘‘Localization’’ in Fig. 
4.5). 
Figure 4.5: Schematics of the stress
material (‘‘Isothermal’’), an adiabatically softened material 
(‘‘Adiabatic’’) and in a material undergoing adiabatic shear 
localization (‘‘Localization’’) [87].
In CGDS bonding mechanism through the adiabatic shear instability concept is based 
on localized material softening in the interfacial region due to an adiaba
temperature rise. High strain rates in these regions resulting from high impact 
velocities lead to shearing instabilities and cause the material deformation 
mechanism to change from plastic to viscous flow. The particle
substrate interactions are thought to be adiabatic since thermal diffusion distance 
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during impact is small due to short contact time which signifies negligible heat 
conduction during the spray particle impact and deformation [21]. 
Fig. 4.6 shows the effective plastic strain and temperature variations at the particle-
substrate interface obtained from the collision simulation of a single copper particle 
on copper substrate at 27°C with a velocity of 500 m/s after 24 ns following 
impaction. Simulation results reveal that intensive deformation takes place at the 
narrow interfacial region and the maximum plastic deformation occurs at the 
perimeter of the contact area rather than at the center point of initial impact resulting 
in highly deformed metal jet formation [26]. At the same time, remarkable heat is 
generated upon impact at the highly deformed interface due to adiabatic shear which 
does not dissipate by conduction because of short impacting time [26,39,42,87]. The 
heat generated during plastic deformation increases the localized temperature 
adiabatically and softens the material resulting in shear localization (adiabatic shear 
instability) that facilitates the plastic deformation and interlocking of splats at the 
particle-substrate interface [42,87]. The interfacial instabilities consisting of roll-up 
and material mixing may enhance interfacial bonding by increasing the area for 
bonding and by creating mechanical interlocking between the two materials [21]. 
The temperature is proportional to the amount of plastic strain, therefore the 
temperature distribution is similar to that of plastic strain [26]. The formation of jet 
type material flow can be due to viscous behavior of materials as a result of localized 
material softening caused by localized temperature rise at the particle-substrate 
interface and due to intensive plastic deformation at the perimeter of the contact area 
[21,26]. The formation of jet type material flow disrupts thin surface films such as 
oxides and provides intimate, conformal contact under high localized pressures to 




Figure 4.6: Contours of the effective plastic strain (left side) and temperature (right 
side) at 24 ns after a Cu particle impacting on a Cu substrate at a 
velocity of 500 m/s and a temperature of 27°C [26]. 
As illustrated in Fig. 4.7 and Fig. 4.8 simulations reveal that flattening ratio of a 
spray particle, consequently, plastic deformation and localized temperature rise are 
more severe at higher impact velocities at the particle/substrate interface due to 
higher kinetic energy associated with the spray particle [21,26,63]. 
 
Figure 4.7: Variation of flattening ratios with respect to impact velocity obtained 
from impact modelling of a single copper particle on copper substrate 




Figure 4.8: Simulated impact of a copper particle on a copper substrate, for the 
initial velocities of 500 and 600 m/s. The arrows represent the 
velocities of nodes at the respective surfaces of particle and substrate, 
and the contours indicate temperature distribution [63]. 
The evolutions of the strain, temperature and stress upon impact of a single copper 
particle on a copper substrate [87] are illustrated in Fig. 4.9. At lower particle impact 
velocities (400-550 m/s), equivalent normal plastic strain, temperature and equivalent 
normal stress exhibit similar changes with the particle-substrate contact time. The 
plastic strain and temperature increase very rapidly whereas equivalent normal stress 
decreases after a sudden jump. 
However at higher particle velocities (600 m/s) equivalent normal plastic strain, 
temperature and equivalent normal stress exhibit a different behavior after a certain 
particle-substrate contact time and after this critical contact time equivalent normal 
plastic strain and temperature show a further increase while the equivalent normal 
stress decreases to a value near zero since the deformation mechanism changes from 








Figure 4.9: Temporal evolutions of (a) the equivalent plastic strain, (b) the 
temperature and (c) the equivalent normal stress at the copper-particle 
surface during the particle collision with a copper substrate for various 
initial impact particle velocities [87]. 
The particle temperature at higher impact velocities can approach the melting 
temperature of the particle whereas at lower impact velocities the particle 
temperature remains well below its melting point. At temperatures near the melting 
point particle shows thermal softening and its resistance to shear flow decreases 
rapidly, consequently, particle undergoes excessive deformation. These findings 
show that adiabatic shear instabilities in the CGDS technique occur at particle 
velocities higher than a minimum which corresponds to the critical velocity [63,87]. 
On the other hand, as shown in Fig. 4.10, evolutions of temperature therefore 
equivalent normal plastic strain and equivalent normal stress on copper particles are 
affected by particle size. For a 5 µm copper particle, the average temperature slightly 
increases as the particle velocity increases, but there is no indication of adiabatic 
shear instability for different velocities. The bigger particles (15, 25 and 50 µm) 
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show a sudden temperature rise indicating adiabatic shear instability. For a constant 






Figure 4.10: Temporal evolution of the temperature of copper particles of (a) 5µm, 
(b) 15µm, (c) 25µm and (d) 50 µm [61]. 
This result can be explained by higher kinetic energies of the bigger particles [63] 
and the fast rate of heat transfer over the particle volume of the micron sized particles 
[61]. This finding supports the fact that critical velocity depends on particle size and 
decreases as the particle size increases. 
Experimental studies are concurrent with the simulation results. Experimental studies 
[24,76] reveal that bonding in CGDS can occur mostly by adiabatic shear instabilities 
and splats of spray particles. On the other hand metallurgical bonding was also 
reported by some researchers [31,35,39,45,57,76]. Metallurgical bonding is usually 
observed in thermal sprayed coatings and occurs through limited local melting, 
diffusion or chemical reaction. In cold sprayed coatings metallurgical bonding can 
occur when spray particles cannot undergo sufficient plastic deformation. Flattening 
of a spray particle, adiabatic shear bands and metallurgical bonding observed 
experimentally are given in figures. 4.11, 4.12 and 4.13, respectively. 
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Fig. 4.11 illustrates a bonded particle which is accompanied by the formation of a 
ring of a jet type morphology around the impact zone. 
 
Figure 4.11: A close-up scanning electron micrograph of copper particle on copper 
substrate showing flattening of the copper particle [63]. 
Fig. 4.12 shows microstructure of cold sprayed 2618 Al alloy [24]. Microstructure 
clearly exhibits shear instabilities at the particle/particle boundaries and heavily 
deformed microstructure in the interior of the particles. Narrow bands indicate shear 
bands under extreme loading conditions. 
 
Figure 4.12: Microstructure of cold sprayed 2618 Al alloy arrows indicate the shear 
bands (shear instabilities) at the particle/particle boundaries [24]. 
Fig. 4.13 shows microstructure of cold sprayed Ti-6Al-4V alloy [57]. Little 
deformation of Ti-6Al-4V particles during spraying and metallurgical bonding at the 
local interfaces can clearly be seen. It is evident that the particles adhere to each 




Figure 4.13: SEM microstructure of the as-deposited Ti–6Al–V coating in the 
etched state (arrows indicate the metallurgical bonding) [57]. 
Adiabatic shear bands are denoted by characteristic thin regions around the particle 
boundaries while metallurgical bonding is represented by material continuity along 
the particle interface. 
In conclusion, based on these results, bonding mechanism in CGDS can be attributed 
to localized high plastic strain and adiabatic shear instability at the particle-substrate 
interface as a result of softening of the spray particle due to adiabatic heating which 
occurs at or beyond the critical velocity. The temperature rise and softening of spray 
particle can overcome the strain hardening at higher velocities and lead to an 
adiabatic shear instability at the interface resulting in interlocking of splats. [61,63]. 
But the full explanation for bonding mechanism in CGDS is still incomplete due to 




































5. COLD SPRAYED ALUMINUM BASED COATINGS 
There are few studies in literature related to cold sprayed aluminum based coatings, 
especially aluminum matrix composite coatings. In this section, micro structural 
characteristics, mechanical properties and corrosion behavior of cold sprayed 
aluminum based coatings will be discussed on the basis of reported studies.  
5.1 Micro Structural Characteristics 
The microstructure of a coating is an important feature that determines the quality of 
the coating. Among the micro structural characteristics, porosity and oxygen content 
are the most two important features. 
Porosity in the coating microstructure can cause reduced hardness, wear and 
corrosion resistance [89,90] and can be detrimental to coating performance. The 
formation of porosity in cold sprayed coatings strongly depends on spray powder 
type and deposition conditions. Table 5.1 shows porosity contents in cold sprayed 
aluminum based coatings. According to the reported studies porosity content found 
in cold sprayed aluminum based coatings can vary from 0.5% to 12%. Lower 
porosity content is the result of severe plastic deformation of spray particles in the 
deposited layer due to shot-peening effect caused by high velocity impacts [23,45]. 
Table 5.1: Porosity contents of cold sprayed aluminum based coatings. 
Coating Porosity content, % 
Pure Al [77] 0.5 to12 
Pure Al [45] 1.75 to 4.51 
Pure Al [91] Less than 1 
6061 Al and 6061 Al/Al2O3 composite [90] 1 to 1.5 
Pure Al and Al/Al2O3 composite [92] 0.3 to 1.53 
2319 Al and 2319 Al/TiN composite [2] 0.8 to 1.9 
Al-12Si/SiC composite [93] Less than 1 
Al-12Si [94] 0.4-7.3* 
Al/Al2O3 composite [95] Less than 2 
Nanocrystalline Al-Mg alloy [25] 1 to 6 
Al-Co-Ce [96] 0.5 to 2 
Al5356/TiN composite [97] 1-2.9 
Pure Al [98] 2-3* 
Al-12Si/B4C [99] 1.4-2.5 
* Depending on spraying parameters 
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As can be seen in Table 5.1, the addition of ceramic particles to aluminum matrix 
improves the coating quality by reducing porosity content in the coating 
microstructure. This finding can be attributed to peening effects of hard ceramic 
particles which bounce off rather than embed in soft aluminum matrix upon impact 
[62]. 
Table 5.2 shows the oxygen contents in feedstock particles and in coatings produced 
from these powders as a comparison in weight percentage. The oxygen 
concentrations of the cold sprayed aluminum based coatings are almost the same or 
close to that of feedstock particles. This result suggests that almost no oxidation 
occurs during deposition. This situation is presumably the result of low temperature 
characteristic of the CGDS. 
Table 5.2: Oxygen contents in cold sprayed aluminum based coatings. 
Coating Oxygen content, wt.% 
Feed stock particle Coating 
Pure Al [77] 0.4 0.4 
Pure Al [45] 0.4 0.4 
Al-12Si [76] 0.016 0.036 
In the case of aluminum matrix ceramic particle reinforced coatings, besides the low 
porosity content and oxygen concentration the most important distinguishing features 
of CGDS are to provide homogenous distribution of ceramic particles and higher 
ceramic particle efficiency (ratio of ceramic particle contents in the coating 
microstructure to that of the feedstock powder mixture) as compared to thermal spray 
techniques. 
Fig. 5.1 presents cross-sections of cold sprayed Al-12Si/SiC composite coatings. It 
can be seen from Fig. 5.1 that coatings have a dense microstructure. Microstructural 
investigations also reveal that during deposition Al-12Si particles deform and 
surround the SiC particles. The SiC particles, corresponding to the darker spots, are 
distributed randomly and disperse homogeneously within the Al-12Si matrix. SiC 








Figure 5.1: Cross-sections of composite coatings produced with feedstock powder 
containing Al-12Si and (a) 20% and (b) 40% volume of SiC particles 
[93]. 
As the SiC content in feedstock powder increases from 20% to 60%, SiC volume 
fraction in the coating increases. SiC volume fractions retained in the coatings are 
always less than that of feedstock powders and vary from 10% to 20% (Fig. 5.2a). In 
other words, SiC deposition efficiency is found to decrease from 50% to 33% as SiC 
content in the feedstock powder increases from 20% to 60%, respectively (Fig. 5.2b). 
Decrease in SiC deposition efficiency is due to inadequate plastic deformation 
capability of SiC. SiC particles are either entrapped or bounce off the surface during 
spraying. Increasing the SiC fraction in the feedstock powder leads to more impacts 
of SiC particles on the sprayed surface. However, fewer Al-12Si particles can deform 
around and embed the SiC which results in reduction of the proportion of SiC 
retained in the coating. 
  
(a) (b) 
Figure 5.2: (a) Volume fraction of SiC in the coating as a function of the SiC content 
in the feedstock powder and (b) fraction of SiC retained in the coatings 
as a function of the SiC content in the feedstock powder [93]. 
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Similar observations have been reported by other researchers. Spencer at al. [90] 
reported that the actual volume fraction of Al2O3 retained in the cold sprayed coating 
was lower than that in the source powder mixture prepared for spraying (Fig. 5.3). 
They also inferred that as more Al2O3 was added to the source powder mixture, the 
relative deposition efficiency of Al2O3 decreased. 
 
Figure 5.3: Volume fraction of Al2O3 deposited in the coatings as compared to the 
source powder mixture [90]. 
5.2 Mechanical Properties 
Hardness of a material is the measure of its resistance to plastic deformation. The 
hardness of a coating gives a preliminary idea about the coating quality. The 
hardness of a cold sprayed coating is affected by chemical composition and 
microstructure of the feedstock powder as well as spraying parameters. Hardness 
values of cold sprayed aluminum coatings reported in the literature are listed in Table 
5.3. Coatings produced with alloyed aluminum powders exhibit higher hardnesses 
than pure aluminum coatings due to solid solution hardening. On the other hand, 
nanocrystalline coatings have higher hardness than crystalline coatings since these 
materials have a finer grain structure, therefore, a greater amount of grain boundaries 
which show high resistance to dislocation motion (grain hardening). At the same 
time, cold sprayed aluminum and its alloys reinforced with ceramic particles offer 
increased hardness. Cold sprayed aluminum coatings usually possess higher hardness 
than that of feedstock powder particles due to the strain hardening effect upon impact 




Table 5.3: Hardness values of cold sprayed aluminum based coatings. 
Coating Hardness 
Pure Al [77] 0.45 GPa (45HV) and 0.48 GPa (48HV)* 
Pure Al [45] 0.38 GPa (38HV) to 0.513 GPa (51HV)* 
1100 Al [1] 257–115 HV0.05* 
128-84 HV0.05* 
Nanocrystalline 5083 Al [23] 26 HV0.3 
2618 Al [24] 150 HV0.3 
Al-Mg [25] 265 HV0.3 
Al/Al2O3 composite [95] 
55 to 90 HV0.3** for small Al particles 
60 to 105 HV0.3** for large Al particles 
Al-12Si [76] 99 HV0.05 
Al-12Si [94] 90-110 HV0.005* 
Al-Co-Ce [96] 226 to 229 HV0.5* 
Pure Al [100] 35 HV0.1 
Al/SiC [100] 44 HV0.1 
Al/Al2O3 [100] 45 HV0.1 
Al-20Sn [41] 74 HV0.5 
Al-12Si/SiC composite [93] 110 to 205 HV0.3** 
2319 Al/TiN composite [2] 106 to 154 HV0.2** 
Al [12] 42 to 55 HV* 
Al/Al2O3 [92] 55 to 72 HV0.025** 
6061 Al/Al2O3 composite [90] 115 to 170 HV0.2** 
Al/Al2O3 composite [90] 25 to 80 HV0.2*** 
Al5356/TiN composite [97] 50 to 250 HV0.2*** 
Pure Al [98] 50 HV0.005 
Al-12Si/B4C [99] 110 to 225 HV0.3**** 
Nanocrystalline 2618 Al [101] 181 HV0.3 
Al-12Si [102] 100 HV0.2 
7075 Al [102] 143 HV0.2 
Al/Al2O3 composite [103] 33 to 110HV2.5** 
* Depending on spraying parameters 
** Depending on ceramic particle content in the coating 
*** Depending on ceramic particle content in the coating and heat treatment 
**** Depending on mixing technique 
The bond strength of a coating represents a measure of adhesion between coating and 
substrate. Since bond strength of a coating to substrate can affect the operational 
performance of the system, it is a very important characteristic. Bond strength can be 
measured by tensile (ASTM C633) [104] or shear test (EN 15340) [105] methods 
which were originally developed to determine load resistance of thermally sprayed 
coatings. In these methods, coatings are subjected to pull or shear forces and the 
force required to part or shear is measured. The strength of the coating is expressed 
as force per unit area. The reported bond strength values of cold sprayed aluminum 
based coatings are given in Table 5.4. 
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Table 5.4: Reported bond strength values of cold sprayed aluminum based coatings. 
Coating Bond Strength, MPa 
Al [45] 30.5 to 49* 
Al/Al2O3 composite [92] 18 to 32** 
Al/Al2O3 composite [90] 30 to 41** 
6061 Al/Al2O3 composite [90] 36 to 42** 
Al/Al2O3 composite [95] 40 to 53** 
Al/Al2O3 composite [8] 24 to 45** 
Al-12Si/SiC composite [93] 43 to 49** 
Al-12Si [76] <50 
Al/Al2O3 composite [103] 15 to 42** 
Al-12Si/B4C [99] 16.1 to 22.6*** 
* Depending on spraying parameters 
** Depending on ceramic particle content in the coating 
*** Depending on mixing technique 
According to the reported bond strength values, the use of ceramic particles in the 
feedstock powder increases the bond strength of the cold sprayed aluminum based 
coatings to the substrate. Increase in bond strength of the coating is a result of shot-
peening effect of ceramic particles and microasperities created by ceramic particles 
that favor bonding by increasing contact area between the coating and the substrate 
[106]. 
5.3 Corrosion Behavior 
Few researches have been reported about corrosion behaviors of cold sprayed 
aluminum based coatings. The corrosion behaviors of cold sprayed aluminum based 
coatings are usually evaluated electro chemically (potentiodynamic polarization 
techniques). Most of the studies have focused on how the addition of ceramic 
particles influences the corrosion performance of cold sprayed aluminum based 
coatings as compared to that of bulk aluminum. 
Balani et al. [1] studied the electrochemical polarization behaviors of cold sprayed 
1100 Al coating and the substrate of the same composition using H2SO4 as 
electrolyte. They produced coatings using two different gases (100% He and He-20 
vol. % N2) and investigated the effect of process gas on the polarization behavior of 
the coating. Polarization curves of the coatings and substrate are shown in Fig. 5.4. 
Their corrosion tests pointed out that both coatings and the substrate exhibited 
continuous passivity. They also found similar but higher passivation current density 
for the coatings. They stated that the higher passivation current density values of the 
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coatings than that of the substrate signified the faster protective layer formation in 
coatings and can be attributed to the presence of porosity and the residual stresses in 
the coating. Therefore coatings sprayed using pure He displayed higher corrosion 
current density (3.16x10-5 A/cm2) as compared to the ones sprayed using He-20 vol. 
% N2 (1.39x10
-5 A/cm2) due to higher residual stresses experienced in using pure He 
as accelerator gas. 
 
Figure 5.4: Comparison of potendiodynamic polarization behavior for 1100 Al 
substrate and the two different 1100 Al coatings, cold sprayed with 100 
vol.% He and He with 20 vol.% N2 as carrier gas [1]. 
A deviation from the linear passivity region at a potential around 2V for both 
coatings was observed. A deviation from the linear passivity region indicates pitting 
corrosion.  Balani et al. attributed this observation to the presence of porosity and 
highly stressed regions due to severe plastic deformation of particles in the coating 
structure. The highly stressed regions of the coating acted as pitting initiation sites 
and slightly reduced the corrosion resistance of the coating. However, the coatings 
became repassivated at higher potentials due to formation of protective Al2O3 layer. 
Fig. 5.5 shows localized extensive pitting and oxide layer cracking in the He-
processed Al coating after corrosion test. 
 
Figure 5.5: SEM micrograph showing extensive localized pitting under 100 vol.% 
He processing after potendiodynamic polarization experiments [1]. 
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When Balani et al. [1] examined the effect of carrier gas on pitting tendency they 
observed that He-processed coatings were more susceptible to pitting corrosion. 
They concluded that the particles accelerated in a helium gas stream reached higher 
velocities due to higher specific heat ratios and the lower mass density of He and 
deformed plastically more than the particles accelerated in a gas mixture of He-20 
vol.% N2. Therefore He-processed coatings led to high-density coatings with highly 
stressed regions in the coating structure. On the other hand addition of 20 vol. % of 
N2 in He carrier gas would cause a decrease in hardness but result in better corrosion 
resistance. 
Spencer et al [90] assessed the corrosion resistance of cold sprayed Al, Al/Al2O3, 
6061 Al and 6061 Al/Al2O3 coatings on AZ91E Mg alloy using salt spray testing and 
linear potentiodynamic polarization technique in a neutral 5% NaCl solution. For 
comparison, they performed corrosion tests on the bulk Al and AZ91E Mg alloy 
substrate. The corrosion tests showed that the volume content of Al2O3 had no 
significant effect on the polarization behavior and the corrosion current density was 
roughly the same in each case (Fig. 5.6a). The corrosion tests also revealed that the 




Figure 5.6: Linear polarization behavior of (a) cold sprayed Al/Al2O3 composite 
coatings and (b) 6061 Al/Al2O3 composite coatings compared to bulk Al 
and AZ91E T6 Mg alloy [90]. 
Tao et al [92] investigated electro chemical corrosion behavior of cold sprayed Al 
and Al/α-Al2O3 composite coatings on AZ91D Mg alloy. For comparison, they also 
obtained anodic polarization curve of the bulk Al and AZ91D Mg alloy under the 
same conditions (Fig. 5.7). They stated that Al coating exhibited a passive tendency 
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while composite coatings showed a rapid increase in current density with the 
increase in polarization potential. They also stated that pitting potentials are too close 
to corrosion potentials. When they examined the corrosion current densities, they 
observed composite coatings had slightly lower corrosion current densities than that 
of pure Al coatings.  Knowing that the current density depends on effective surface 
area, they concluded that current density had to be smaller for the pure Al coating 
and higher for the composite coatings since surface roughness of the pure Al coating 
was the highest. 
 
Figure 5.7: Potentiodynanic polarization curves in 3.5% NaCl solution: (1) pure Al 
coating, (2) Al-25 vol.% Al2O3, (3) Al-50 vol.% Al2O3, (4) bulk pure Al 
and (5) AZ91D Mg alloy [92]. 
Tao et al. [107] also studied corrosion performance of pure Al coating deposited on 
AZ91D magnesium alloy by cold spraying in comparison with bulk pure Al. They 
investigated cyclic polarization behavior of pure Al coating and bulk pure Al in 3.5 
wt. % NaCl solution utilizing a conventional three-electrode electrolyte cell where 
sample, platinum plate and saturated calomel electrode were working, auxiliary and 
reference electrodes, respectively. The cyclic polarization curve that they obtained in 
their study is shown in Fig. 5.8 and corrosion potential (Ecorr), pitting potential (Epit) 
as well as repassivation potential (Er) are summarized in Table 5.5.  
 
Figure 5.8: Cyclic polarization curves cold sprayed pure Al coating and bulk pure Al 
after 1h of immersion in a 3.5 wt. % NaCl solution [107].  
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They mentioned that the difference between Epit and Ecorr was an indication of 
improved resistance to pitting corrosion where the difference between Er and Ecorr 
was the measure of the repassivation ability. They stated that the cold sprayed Al 
coating exhibited better pitting corrosion resistance and repassivity than the bulk 
pure Al taking into (Epit-Ecorr) and (Er-Ecorr) consideration.  
Table 5.5: Results of polarization measurements for the material exposed to 3.5 wt. 











Pure Al coating -0.915 -0.744 -0.779 -0.171 -0.136 
Bulk pure Al -0.630 -0.616 -0.789 -0.014 -0.159 
As a summary, it can be concluded that electrochemical studies performed on cold 
sprayed aluminum coatings have demonstrated that these coatings portray a similar 
corrosion resistance to bulk Al [1,70]. One study showed that corrosion resistance of 
the cold sprayed Al coatings can be improved by changing the carrier gas [1]. The 
addition of Al2O3 does not degrade the corrosion resistance of the cold sprayed Al 
coatings [92] and Al/Al2O3 coatings are proven to be as efficient as pure Al coatings 
in providing corrosion protection under exposure to alternate immersion in saltwater 





6. EXPERIMENTAL PROCEDURES 
The present chapter will summarize the procedures followed in the experimental 
studies to achieve the objectives of this thesis. For this purpose, initial powder 
characteristics, details of the experimental apparatus used for the deposition of 
aluminum matrix composite coatings, spraying parameters and finally 
characterization of coatings will be explained. 
6.1 Initial Powder Characteristics 
The coating quality therefore coating properties are determined by the coating’s 
microstructure which strongly depends on feedstock powder characteristics and 
spraying parameters. Therefore in CGDS it is very important and necessary to 
investigate the feedstock powders. For this reason, the current section of this thesis 
will describe the initial powder characteristics such as morphology and particle size 
distribution. The characterizations of the initial powders were made by means of 
particle size distribution, scanning electron microscopy (SEM) and X-ray diffraction 
(XRD) analyses. 
The powders used in this study are commercially available 7075 Al alloy powders 
(Metco Sulzer), B4C, SiC and Al2O3 powders. Particle size distributions were 
determined utilizing a laser diffraction sizer (Malver InstrumentsTM Master Sizer) by 
dispersing powders in deionzied water. Results of the particle size analyses are given 
in Fig. 6.1. The 7075 Al alloy, produced by atomization, is composed of particles 
ranging from 1 to 90 µm in diameter and has an average diameter of 14 µm (Fig. 
6.1a) while particle size distribution of the B4C powder ranges between 2 and 14 µm 
with a mean size of 7 µm (Fig. 6.1b). On the other hand, the SiC powder is in the size 
range of 10-80 µm with an average particle size of 28 µm (Fig. 6.1c) while particle 
size distribution of Al2O3 is in between 5 and 45 µm with an average particle size of 









Figure 6.1: Size distributions of the initial powders used for preparing the feedstock 
powders, (a) 7075 Al, (b) B4C, (c) SiC and (d) Al2O3. 
Fig. 6.2 shows the typical morphology and cross section of 7075 Al particles. Fig 6.2 
reveals that 7075 Al particles have spherical morphology, typical of metallic 
powders produced using a gas atomizing process (Fig. 6.2a) and are composed of 
two different phases (Fig 6.2b). The darker areas correspond to the Al rich phase 
while the lighter precipitates represent Zn rich phase. 
  
(a) (b) 
Figure 6.2: SEM images of 7075 Al powders used in this study (a) morphology in 
secondary electron mode and (b) cross-section in backscatter mode.  
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Fig. 6.3 shows the morphologies of B4C, SiC and Al2O3 particles. The morphologies 




Figure 6.3: Morphologies of (a) B4C particles, (b) SiC particles and (c) Al2O3 
particles.  
Fig. 6.3 confirms that among the ceramic particles used in this study, B4C particles 
have relatively small size when compared with SiC and Al2O3 particles.  
Fig. 6.4 presents the XRD patterns of the powders used for preparing the feedstock 
powder mixtures. There is an unidentified peak on the XRD pattern of the 7075 Al 
powder. This unidentified peak is expected to belong to a precipitate in 7075 Al 
which is very difficult to identify by XRD techniques. Mondal et al. [108] and Rao et 
al. [109] observed the similar peak on XRD pattern of Al-Zn-Mg alloy and 
mentioned that this peak corresponded to AlZn2 and/or MgZn2 type inter-metallic 













Figure 6.4: XRD patterns of the powders used for preparing the feedstock powder 
mixtures (a) 7075 Al, (b) B4C, (c) SiC and (d) Al2O3 powders.  
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6.2 Deposition of the Coatings 
6.2.1 Experimental set-up 
The CGDS device used in this study is a custom made device developed at the Cold 
Spray Laboratories of the University of Ottawa, Canada. The spraying facility is 
composed of a spraying chamber with a computer controlled sample holder, a spray 
gun (nozzle), a powder feeder, a high pressure gas supply that generates the main 
driving gas flow as well as the powder carrier gas flow and a gas heater. An overall 
view of the spraying set-up is shown in Fig. 6.5. 
 
Figure 6.5: An overall view of the spraying set-up. 
A close-up view of the spraying chamber is shown in Fig. 6.6. The spray gun is 
positioned vertically downwards while the substrate is placed on a stage which is 
perpendicular to the nozzle axis. Substrate holder is moved by a computer controlled 
two-axis displacement system. Therefore this spraying set-up is capable of depositing 
coatings on top of each other. The stage that nozzles are placed is equipped with a 





Figure 6.6: Close-up view of the spraying chamber. 
The spray system is equipped with numerous pressure and temperature sensors 
positioned at critical locations (mostly near the nozzle inlet) along the main driving 
gas line. The signals sent by the sensors are processed by a special software and 
displayed on a computer screen in real time. These sensors allow the user to monitor 
the gas inlet pressure and temperature as well as amount of the remaining gas in the 
high pressure gas supply. The software records the pressure and temperature values 
measured by the sensors and allows the user save to the data for future use. 
6.2.2 Spraying parameters 
7075 Al particles were mixed with B4C, SiC and Al2O3 particles separately to make 
feedstock powder mixtures of ceramic particles with 7075 Al alloy at 10, 20 and 40 
vol. % ratios.  
The unreinforced 7075 Al powders and feedstock powder mixtures containing 
ceramic powders were sprayed on 90 mm x 20 mm x 6.5 mm thick T6 6061 Al alloy 
plate prepared from extruded flat bar. Prior to spraying, the surface of the T6 6061 Al 
alloy substrate was cleaned with acetone in order to remove any contaminants.  
High pressure compressed helium was employed as both main (accelerator) and 
powder carrier gas. The reason for choosing helium as the main gas is to take 
advantage of its relatively low molecular weight and its greater speed of sound in 
comparison with most of the other gases. Helium yields higher gas flow velocities at 
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the same conditions compared with most of the other gases. At the same time helium 
is an inert gas and is not expected to react with feedstock powders eliminating 
undesirable reactions. 
The cold spraying was conducted with a nozzle inlet pressure of 0.98 MPa and a 
temperature of about 300°C. As a nature of the spraying facility, when the feeder 
valve is opened the feeder is also pressurized. Therefore a feeding gas was used to 
pressurize the feeder to a slightly higher pressure than the nozzle inlet in order to 
push the feedstock powder mixtures to the nozzle. 
The stand-off distance of the nozzle from the substrate was 10 mm. During 
deposition, the substrate was manipulated by a computer controlled two-axis 
displacement system at a relative traverse speed of 1 mm/s under the nozzle. 
The nozzle used in this study has a circular exit cross-section and consists of 
converging and diverging sections with an expansion ratio of about 13. The key 
parameters of the nozzle are presented in Table 6.1. 
Table 6.1: Nozzle parameters. 
Parameter Value 
Diameter of throat 2 mm 
Diameter at the outlet of the diverging section 7.3 mm 
Length of the diverging section 250 mm 
Exit Mach number ~2.3 
Feedstock powder mixtures were introduced into a high velocity gas stream at the 
downstream of the throat at a feeding rate of 2 g/min. B4C and Al2O3 reinforced 7075 
Al matrix composite coatings were produced with double passage of the nozzle on 
the substrate surface. However, unreinforced 7075 Al and SiC reinforced composite 
coatings were produced both with single and double passages of the nozzle on the 
substrate surface. 
6.3 Characterization of the Coatings 
6.3.1 Microstructural characterization 
Microstructural characterization was carried out by optical and scanning electron 
microscope (SEM) examinations and X-ray diffraction (XRD) analysis. Microscopic 
examinations were conducted on the cross sections of the coatings after preparing the 
samples according to standard metallographic method. Standard metallographic 
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method consists of sectioning with a cut-off saw (Struers Secotom), mounting in a 
thermoset epoxy (Struers LaboPress) and polishing (Struers TegraPol equipped with 
TegraForce and TegraDoser) of the coatings. Scanning electron microscope used in 
this study is ZeissTM EVO-MA10 equipped with secondary electron (SE), back-
scatter electron (BSE) and energy dispersive spectroscopy (EDS) detectors. Optical 
microscope images were analyzed using image analysis (IA) software to measure the 
volume fraction of ceramic particles in the composite coatings and porosities of the 
cold sprayed coatings. Mean values were calculated using 10 images (captured by an 
optical microscope at a magnification of 400x) taken at different sections of each 
coating. 
X-ray diffraction analysis was conducted on a GBCTM X-Ray Diffractometer at a 
generator voltage and current of 38 kV and 28.5 mA, respectively. Cu Kα radiation 
was used to irradiate the coatings. The X-ray diffraction was performed at a speed of 
1 degree per minute with a step-scan size of 0.02°, at angles (2θ) between 20° and 
120°. Besides the identification of phases in the coating structures, the full width at 
half maximum (FWHM) of 7075 Al diffraction peaks were calculated by the X-ray 
diffactometer software. It is assumed in X-ray diffraction technique that peak 
broadening occurs due to two effects which are grain size refinement and atomic 
level microstrain (internal strain) in the direction of the diffraction vector 
[9,18,23,110]. Therefore full width at half maximum values were measured in order 
to estimate the grain size and internal strain relatively. Full width at half maximum 
values obtained from the cold sprayed coatings were compared with that of the initial 
7075 Al powder. In order to have an idea about how type, size and amount of the 
ceramic powders affect the full width at half maximum, the values obtained from the 
cold sprayed composite coatings were evaluated. 
6.3.2 Mechanical properties 
Mechanical properties of the coatings were determined by hardness measurements, 
wear tests and bond strength measurements.  
Hardness measurements were made on polished cross sections of the coatings using 
StruersTM Duramin micro hardness tester with a Vickers indenter under a load of 300 
g and at a dwell time of 15 seconds. Indentations were performed at a series of 
planned points to create a hardness profile of the coatings. In order to avoid the effect 
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of strain hardening, the distance between the two closest indentations was kept equal 
to approximately five times the length of the indentation diagonal. 
Wear tests were conducted on a TribotechnicTM reciprocating wear tester by rubbing 
a 6 mm diameter Al2O3 and 100Cr6 (52100 quality) steel balls to the coatings under 
normal loads of 1, 3 and 5N. Wear tests were performed under dry sliding conditions 
at normal atmospheric conditions (26±1°C and at 32±1% relative humidity for Al2O3 
ball and 25±0.3°C and at 36±1% relative humidity for 100Cr6 steel ball). Sliding 
stroke, total sliding distance and sliding velocity were 0.002 m, 10 m and 0.002 ms-1, 
respectively. After wear tests, the wear tracks were examined by a Veeco stylus 
profilometer, a HitachiTM TM1000 table top scanning electron microscope and a 
Leica optical microscope. 
Bond strengths of the coatings were measured as shear stress following the EN 
15340 standard [105]. In this technique coatings are fixed in a sample holder and 
subjected to shear loading in a direction parallel to substrate/coating interface using a 
punch made of hard metal plate until failure occurs. Adhesion strength is calculated 
dividing the shear load by the sample sheared area. In this thesis, the coatings were 
sprayed on the T6 6061 Al alloy substrate in 55 mm length and samples were cut to 
approximately 10 mm in length. Therefore five samples were tested and average 
results were taken for each composition.  
6.3.3 Potentiodynamic polarization tests 
Corrosion behavior of the coatings and substrate were determined electrochemically 
using potentiodynamic polarization technique (GamryTM PC4/300 mA) in a neutral 
3.5 wt. % NaCl solution at room temperature. Before corrosion tests, samples were 
cut into 5 x 5 mm squares utilizing a precise diamond cutting tool and mounted in 
resin in order to prevent the contact of uncoated substrate with the solution. 
Electrical conductivity was provided through the resin by a copper wire which was 
drilled into T6 6061 Al substrate. Samples were gently ground with 1200 grit sand 
paper and polished with Al2O3 suspension in order to eliminate the porosity on the 
surface layer. Before corrosion tests, samples were cleaned in an ultrasonic cleaner 
with acetone for five minutes, rinsed with alcohol and dried. Corrosion tests were 
performed utilizing a typical three electrode test unit comprising of saturated calomel 
(SC) and carbon electrodes as reference and counter electrodes, respectively. Before 
potentiodynamic polarization measurements, an initial delay of 30 minutes was 
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employed in order to measure the potential differences between working and 
reference electrodes. Corrosion tests were run within a range of ±500 mV of open 
circuit potential (OCP) at a scan rate of 0.3 mV/s and step size of 0.6 mV. After 
potentiodynamic polarization measurements, corrosion potential (Ecorr) and corrosion 
current density (Icorr) were calculated using Tafel curves. In order to determine the 
corrosion mechanism, samples were cleaned with water in an ultrasonic cleaner for 























7. RESULTS AND DISCUSSION 
7.1 Microscopic Examinations 
Fig. 7.1 shows backscatter scanning electron (BSE) micrographs of the typical cross 
sectional and coating/substrate interface views of unreinforced 7075 Al and 20 vol. 
% ceramic particle (B4C, SiC and Al2O3) reinforced composite coatings. BSE 
micrographs of the typical cross sectional and coating/substrate interface views of 10 
vol. % ceramic particle and 40 vol. % ceramic particle reinforced composite coatings 
are shown in appendix (Figures A.1 and A.2, respectively). 
Interface micrographs of the coatings show that the coatings adhere to the substrate 
without any discontinuity. This suggests that 7075 Al particles were accelerated 
beyond the critical velocity successfully and have undergone enough plastic 
deformation upon impact. In the case of ceramic particle reinforced composite 
coatings some embedded ceramic particles can be observed at the coating/substrate 
interface. Similar observations have been reported in the literature and these ceramic 
particles are expected to affect the bonding quality. But there is a disagreement about 
whether these ceramic particles favor the bonding by increasing the coating/substrate 
interface area through roughening or cause the loss of metallic bonding resulting in 
weakened bonding strength [90,93,103]. 
As can be seen in the cross sectional images of the composite coatings, the composite 
coatings exhibit a uniform distribution of ceramic particles (darker spots in the 
micrographs) within the 7075 Al matrix. It can be observed that the ceramic particles 
in the coating microstructure retain the same morphologies as in the initial powders. 
This observation suggests that the ceramic particles do not deform plastically upon 
impact but are surrounded by plastically deformed 7075 Al particles. It can also be 
concluded that most of the kinetic energy is consumed for the deformation of 7075 
Al particles rather than for the ceramic particles. This result can be attributed to the 
differences in their hardness. As a result the formation of the composite coating can 
be explained by the plastic deformation of the softer 7075 Al particles to form a 
matrix in which ceramic particles are embedded with no deformation. 
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Figure 7.1: Backscatter scanning electron (BSE) micrographs of unreinforced 7075 
Al and composite coatings produced with feedstock powder mixtures 
containing 20 vol. % of ceramic particles; (a) unreinforced 7075 Al, (b) 
B4C reinforced, (c) SiC reinforced and (d) Al2O3 reinforced coating. 
81 
 
Some white regions can be observed in the microstructure of ceramic particle 
reinforced composite coatings, especially in the SiC reinforced coatings. Energy 
dispersive spectroscopy (EDS) examinations have revealed that these regions are 
composed of Fe, Ni and Cr indicating that they are nozzle fragments. The presence 
of the nozzle fragments in the coating structure can be attributed to erosion of the 
inner wall of the nozzle forming nozzle debris by the hard ceramic particles flowing 
through the nozzle. This nozzle debris is accelerated in the gas flow and entrapped in 
the coating structure [93]. 
The unreinforced 7075 Al coating presented some porosity especially in the regions 
far from the coating/substrate interface. The average porosity content was measured 
as 0.5±0.12 vol. % by image analysis software. The presence of less porosity in the 
regions close to coating/substrate interface in comparison with top portion of the 
unreinforced 7075 Al coating can be explained by further plastic deformation of the 
previously formed coating layer due to shot peening effect of subsequent 7075 Al 
particles [23,45,111]. On the other hand, ceramic particle reinforced 7075 Al 
composite coatings appear much denser and exhibit reduced porosity contents when 
compared to unreinforced 7075 Al coating. It is known that particles having an 
angular morphology with sharp edges are exposed to larger drag forces in a gas flow 
which contributes to particle acceleration (equation 3.35) resulting in a higher 
particle velocity and thus increased momentums [112]. Since ceramic particles do 
not deform plastically upon impact, all of their momentum transfers to 7075 Al 
particles as opposed to incoming 7075 Al particles which also deform plastically 
upon impact on previously formed coating. Therefore, the reduced porosity in the 
ceramic particle reinforced composite coatings can be attributed to larger plastic 
deformation of 7075 Al particles due to higher accumulative shot peening effect of 
ceramic particles than that of 7075 Al particles themselves [92]. There is no 
difference in porosity contents of the composite coatings with respect to ceramic 
particle content. This result suggests that addition of 10 vol. % of ceramic particle 
suffices to increase the coating density. Further increase in the ceramic particle 
content in the feedstock powder mixtures do not cause a further reduction in the 
porosity contents of the composite coatings. In the case of SiC reinforced composite 
coating, there is some residual porosity due to cracking of the SiC particles upon 
impact. At the same time in contrast to unreinforced 7075 Al coating there is no 
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porosity gradient along the cross sections of the composite coatings. This observation 
can mainly be due to continuous shot peening effect of ceramic particles on 7075 Al 
matrix. 
Fig. 7.2 compares the ceramic particle volume fractions retained in the composite 
coating with the volume fractions in the feedstock powder mixtures. The ceramic 
particle contents in the composite coatings are proportional to the ceramic particle 
contents of the feedstock powder mixtures but are always less than those in the 
feedstock powder mixtures. Fig. 7.3 presents the change in ceramic particle 
efficiency (the ratio of the ceramic particle content in the coating to the ceramic 
particle content in the feedstock powder mixture). Ceramic particle efficiencies are 
found to decrease as the ceramic particle contents increase for all ceramic types. 
 
Figure 7.2: Volume fraction of the ceramic particles in the coating as a function of 
the ceramic particle content in the feedstock powder mixture. 
As mentioned above, the formation of the composite coatings is the result of 
deformation of soft 7075 Al particles and embedment of hard ceramic particles. 
Image analysis examinations have revealed that not all ceramic particles are retained 
in the coating microstructure and some of them bounce off the surface. The ceramic 
particle deposition efficiencies indicate that less ceramic particles bounce off the 
surface as the ceramic particle content decreases. This can be explained by the 





Figure 7.3: Fraction of ceramic particles in the coating as a function of the ceramic 
particle content in the feedstock powder mixture. 
In the case of higher ceramic content in the feedstock powder mixture, there are 
fewer 7075 Al particles to entrap the ceramic particles which results in reduced 
ceramic particle efficiency. It can be concluded that there must be enough 7075 Al 
particles to entrap as much ceramic particles as possible.  
Fig. 7.4 presents the X-ray diffraction (XRD) patterns of cold sprayed unreinforced 
7075 Al and 20 vol. % ceramic particle reinforced composite coatings. XRD patterns 
of the cold sprayed 10 vol. % ceramic particle and 40 vol. % ceramic particle 
reinforced composite coatings are shown in appendix (Figures A.3 and A.4, 
respectively). The Bragg reflection peaks obtained from cold sprayed coatings were 
matched with the potential phases in the structure by fixing 2θ values to the strongest 
reflected intensities. When the XRD patterns of the coatings are matched with the 
XRD patterns of initial powders, it can be clearly seen that coatings exhibit the same 
phase structure. Besides the main phases of Al, B4C, SiC and Al2O3, no other 
potential phases (i.e. AlB2 type intermetallic and Al4C3) appear on the XRD patterns. 
It can be concluded that according to the XRD patterns of the cold sprayed coatings 
there are no significant chemical interactions between feedstock powder mixture 
components and therefore no phase transformation occurs during spraying which is 
due to the low temperature characteristic of the CGDS process. The XRD pattern of 
7075 Al alloy (Fig. 6.4a) have shown that there is an unidentified peak at 2-theta of 
about 35°. This unidentified peak is expected to belong to a precipitate in the 7075 
Al which is very difficult to identify by XRD techniques. It is interesting to note that 
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intensity of this peak is found to decrease on the XRD pattern of unreinforced 7075 
Al coating and to disappear in the background on the XRD patterns of composite 
coatings which especially have undergone relatively more plastic deformation. This 
observation suggests that this unidentified precipitate tends to dissolve into Al matrix 
upon impact during CGDS deposition. Richer et al. [42] have reported the 
dissolution of β-phase precipitates in CoNiCrAlY alloy into the γ-matrix during 
CGDS deposition. Richer et al. explained the reason of dissolution due to severe 
plastic deformation as the instabilities in the crystal structure resulting from high 
strain levels and high energy state. Similar to grain refinement mechanism during 
cold working, severe plastic deformation of spray particles results in high dislocation 
densities and therefore high strains in the crystal structure. Normally, high 
dislocation density leads to finer subgrains which turn into smaller grains in the 
crystal structure. On the other hand, in the case of structures with fine grains (or 
already undergone grain refinement process) when energy introduced to the crystal 
during severe plastic deformation of spray particles and therefore strain levels 
exceeds a critical threshold value, high energy and strain level in the crystal structure 
cannot compromise the stability of the crystal structure. Consequently, high energy 
and strain level may be favorable and lead to change of crystal structure in order to 
reduce the energy and strain level rather than further grain refinement. Dissolution of 
the precipitates in 7075 Al alloy can be contributed to the severe plastic deformation 
of 7075 Al matrix upon high velocity impact which produces enough energy for both 
grain refinement and dissolution of finer precipitates. 
Broadening of Al diffraction peaks are observed on XRD patterns of cold sprayed 
coatings. It can be seen in Figures 7.5 and 7.6 that full width at half maximum 
(FWHM) values of all Al diffraction peaks are larger than those of initial powder. 
Peak broadening indicates reduction in grain size of 7075 Al matrix and increase in 
internal stress. At the same time, composite coatings exhibit higher FWHM values 
which indicate finer grain size than that of unreinforced cold sprayed 7075 Al 
coating (Fig. 7.5). This result is expectable due to shot-peening (work hardening) 
effect of ceramic particles on the 7075 Al matrix. FWHM value of each composite 
coating increases as the volume content of ceramic particle increases. This result can 
be attributed to the increased shot-peening effect of ceramic particles as their content 











Figure 7.4: X-ray diffraction patterns of unreinforced 7075 Al and composite 
coatings produced with feedstock powder mixtures containing 20 vol. 
% of ceramic particles; (a) unreinforced 7075 Al, (b) B4C reinforced, 
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Among the composite coatings for each composition, SiC reinforced coatings have 
the highest FWHM values. Al2O3 and B4C reinforced coatings have the second and 
third highest FWHM values, respectively. The size of SiC particles were mostly in 
the range of 10-80 µm where the sizes of Al2O3 particles and B4C particles were less 
than 26 µm and 14 µm, respectively. As can be seen from size distribution graphs of 
ceramic particles (Fig. 6.1b, c and d), average particles sizes of B4C, Al2O3 and SiC 
are 7, 15 and 28 µm, respectively. When the mass of each ceramic particle is 
calculated using average particle size and the densities, it is found that SiC particles 
are the heaviest as compared to B4C and Al2O3. Therefore higher FWHM values 
obtained for the SiC reinforced composite coatings can be attributed to their higher 
kinetic energies and thus higher momentum transfer to 7075 Al matrix. The angular 
shape of the SiC particles also contributes to the grain refinement of the matrix. At 
the same time unreinforced 7075 Al and SiC reinforced composite coatings deposited 
with double pass of the nozzle exhibit higher FWHM values when compared to those 
produced with single pass of the nozzle. This can be the result of more pronounced 
shot peening effect due to double pass. XRD patterns of the coatings also reveal that 
the Al diffraction peaks slightly shift to right indicating that the lattice parameter of 
the 7075 Al matrix is somewhat smaller in comparison with that of initial 7075 Al 
powder. Fig. 7.7 shows relative 2θ values of the most intense Al diffraction peaks 
(100 peak) obtained from coatings and initial 7075 Al powders for comparison. As 
can be seen in Fig. 7.7 the most intense Al diffraction peaks of the coatings appear at 
some higher 2θ values. As observed for FWHM values, there is a direct proportional 
correlation between the amount of shifting and the ceramic particle content. On the 
other hand there is no certain correlation between amount of shifting and ceramic 
particle type. At the same time double pass spraying results in higher amount of 
shifting of Al diffraction peaks. When lattice parameters of the coating which exhibit 
the highest shift and that of initial 7075 Al powder are calculated using Bragg’s law, 
it is found that lattice parameters of the 7075 Al powder and coating are 4.0393 A° 
and 4.0001 A°, respectively. When Hooke’s law is used, this amount of reduction in 
lattice parameter is found to correspond a residual stress of about 680 MPa. 
Reduction in lattice parameter indicates that compressive stresses are generated in 
the coatings. This result implies that peak broadening may be associated with the 
residual stresses that are produced by extensive plastic deformation and continuous 




Figure 7.6: Full width at half maximum values of the strongest diffraction peak of 7075 Al with respect to ceramic particle content in the 
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7.2 Mechanical Properties 
7.2.1 Hardness test results 
The variation of the mean microhardness values of the coatings are given as a 
function of ceramic particle contents retained in the coatings in Fig. 7.8. For 
comparison, hardness value of commercially available 7075-O Al alloy [113] is also 
shown. It is seen at first sight that cold sprayed unreinforced 7075 Al coating exhibits 
much higher microhardness value in comparison with 7075-O Al alloy. This result is 
expected because it is reported that cold sprayed metallic coatings exhibit 
significantly higher hardness values than the equivalent bulk materials. This is 
explained by conversion of the high kinetic energies of metallic spray particles to 
plastic deformation energy upon impact which results in severe plastic deformation 
and thus strain hardening [73,114,115]. At the same time the mean microhardness 
value of the unreinforced 7075 Al coating (136±10.5 HV0.3) is in well agreement 
with that of reported by Wang et al. (143 HV0.2) [102]. On the other hand, 
microhardness measurements also reveal that microhardness values of the composite 
coatings are much higher than that of unreinforced 7075 Al coating. This result 
suggests that for composite coatings, besides the strain hardening effect, uniformly 
dispersed ceramic particles also contribute to the increase of the coating hardness by 
restricting the deformation of the soft 7075 Al matrix. Furthermore, as expected, 
there is a moderate increase in microhardness values of the composite coatings as the 
volume fraction of the ceramic particles entrapped in the coating increases. This 
finding is more evident for B4C reinforced and SiC reinforced coatings while 
increase in hardness of Al2O3 reinforced coatings is not so significant (170-180 
HV0.3). Spencel et al. [90] and Wang et al. [103] also reported similar trend for Al2O3 
reinforced coatings. Among the composite coatings SiC reinforced coatings exhibit 
the highest hardness for each feedstock powder composition. This observation can be 
attributed to higher SiC particle contents retained in the coating when compared with 
those of B4C and Al2O3 particles.  
Fig. 7.9 shows the variation of mean microhardness values of the unreinforced 7075 
Al coating and composite coatings produced using feedstock powder mixtures 
containing 20 vol. % of ceramic particle as a function of distance from the coating/ 
substrate interface. As can be seen in Fig. 7.9 microhardness values of the 




Figure 7.8: Mean hardness values of the coatings and 7075-O Al alloy. 
Decrease in microhardness values of the unreinforced 7075 Al coating can be due to 
the increased porosity content at the top portion of the coating. This result is 
expectable because an increase in porosity content leads to a decrease in hardness of 
a material. As mentioned in section 7.1, the subsequent particles cause higher shot 
peening effect and thus higher plastic deformation of the previously deposited layer 
resulting in increase in density. Therefore higher microhardness values are obtained 
at the region close to coating/substrate interface. This is in well agreement with the 
fact that microhardness of any cold sprayed coating mainly depends on the porosity 
content and degree of strain hardening. On the other hand, composite coatings 
exhibit uniform microhardness values along the cross section. This result confirms 
the tamping effect of ceramic particles on previously deposited 7075 Al matrix 
coating. One can conclude that addition of ceramic particles into a soft matrix is a 
more effective way to increase the hardness of the coating than the strain hardening 
effect itself. 
The microhardness profiles along the cross section of the coatings produced using 
feedstock powder mixtures containing 10 vol. % and 40 vol. % of ceramic particles 
are shown in appendix (Fig. A.5 and Fig. A.6, respectively) These composite 





Figure 7.9: Variation of mean microhardness values of the unreinforced 7075 Al 
coating and composite coatings produced using feedstock powder 
mixtures containing 20 vol. % of ceramic particle as a function of 
distance from the coating substrate interface. 
7.2.2 Shear bond strength measurements 
Shear bond strength values and failure modes of the coatings are given in Table 7.1. 
Composite coatings are found to possess significantly higher shear strength values in 
comparison with that of unreinforced 7075 Al coating. This trend is comparable with 
those reported in the literature [8,90,92,93,95,103]. The higher bond strengths of the 
composite coatings can be explained by the increased plastic deformation of the soft 
7075 Al matrix due to impact of hard ceramic particles and reduced porosity in the 
composite coatings. It is assumed that the failure of a coating results from crack 
propagation along the particles’ (splats’) interface in the coating [92]. Porosities can 
be considered as defects in the coating and crack initiation sites or interface cracks. 
Cross sectional micrographs of the coatings have shown that there is more porosity in 
the unreinforced 7075 Al coating indicating that there are more crack initiation sites 
and/or interface cracks as compared with composite coatings. It can be concluded 
that the addition of ceramic particles contributes to the bond strength by reducing 
porosity, providing good bonding among the 7075 Al particles and thus delaying 
crack initiation. On the other hand, higher ceramic particle content in the composite 
coatings causes loss of metallic bonding which leads to reduction in shear strength.  
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Table 7.1: Shear bond strength values and failure modes of the coatings. 
Coating 
Ceramic particle content 







- 16.1±3.19 Cohesive 
 
B4C 
8.0±1.29 25.4±4.57 Cohesive 
12.3±1.27 18.6±1.85 Cohesive 
17.8±1.52 10.6±5.01* Cohesive 
 
SiC 
8.3±0.57 28.9±3.92 Cohesive 
15.8±0.81 33.7±5.11 Cohesive 
29.5±1.35 30.7±7.21 Cohesive 
 
Al2O3 
6.0±0.56 25.7±2.62 Cohesive 
10.4±0.98 24.3±9.52 Cohesive 
17.6±1.5 35.8±2.39 Adhesive 
* Coating thickness did not meet the minimum thickness required in the standard. 
At the same time cross sectional micrographs of the composite coatings have shown 
that there are some ceramic particles at the coating/substrate interface. The ceramic 
particles impact on the substrate surface are more likely to erode the substrate 
creating micro asperities on the substrate surface. These micro asperities lead to an 
increased interlocking contact area between substrate and spray particles by 
roughening the substrate surface. For all coatings, except the one containing 17.6 vol. 
% Al2O3, failure mode is cohesive indicating that cohesion between ceramic and 
7075 Al particles is poor. This result suggests that ceramic particles are entrapped in 
soft 7075 Al matrix without forming a strong bond and the shear strength of the 
interface is greater than that of coating itself. It is expected that higher ceramic 
particle content in the feedstock powder mixture causes more micro asperities and 
larger contact area between the substrate and the coating. 7075 Al spray particles 
stick on the asperities resulting in strong bonding (higher bond strength). However, 
failure mode of the Al2O3 reinforced composite coating changes from cohesive to 
adhesive as the Al2O3 content in the feedstock powder mixture increases to 40 vol. 
%. The reason for the failure mode change observed in Al2O3 reinforced composite 
coatings may be the reduction of metallic bonding area at the coating/substrate 
interface as the Al2O3 content increases in the feedstock powder mixture. The reason 
being that when Al2O3 content is increased, more Al2O3 particles embed on the 
substrate surface leaving reduced rough surface for the soft 7075 Al particles to 
deform and form metallically bonded areas. This results in weaker interface shear 
strength between the coating and the substrate. 
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As a result more energy is needed to fail the composite coatings than that of 
unreinforced 7075 Al coating and the addition of ceramic particles into soft 7075 Al 
particles has a beneficial effect on the shear bond strength by providing a stronger 
interface between 7075 Al particles in the coating and between 7075 Al particles and 
substrate at the coating/substrate interface. 
7.2.3 Wear test results 
2-D surface profiles of the wear tracks formed on the surfaces of unreinforced 7075 
Al and ceramic particle reinforced composite coatings by Al2O3 and 100Cr6 steel 
balls under normal loads of 1, 3 and 5N are presented in appendix Figures A.7-A.12. 
The results of the wear tests were evaluated by measuring the areas of wear tracks 
developed on the coatings and wear performance of the coatings were compared in 
terms of relative wear loss (RWL). In this study, the relative wear loss was calculated 
as the ratio of wear track area of a coating to wear track area of the unreinforced 
7075 Al coating worn by 100Cr6 steel ball under a normal load of 5N which yielded 
the maximum wear track area. 
As can be seen from Figures A.7-A.12, wear tracks formed by both Al2O3 and 
100Cr6 steel balls on the ceramic particle reinforced composite coatings are 
obviously narrower and shallower than those formed on the unreinforced 7075 Al 
coating. This observation suggests that relative wear loss values of ceramic particle 
reinforced composite coatings are much lower when compared with those of 
unreinforced 7075 Al alloy coating under all normal loads.  
Fig. 7.10 compares the relative wear loss values of the coatings with respect to 
ceramic particle content retained in the coatings. When the relative wear loss of 
coatings are considered, it can be observed that for both Al2O3 and 100Cr6 steel balls 
there is an increase in the tendency to wear resistance with the addition of ceramic 
particles into 7075 Al alloy. It is well recognized that wear resistance of a material is 
proportional to its hardness. Higher wear resistance of the composite coatings can be 
attributed to their superior hardness when compared to unreinforced 7075 Al coating. 
At the same time, the higher wear resistance of the composite coatings can also be 
attributed to their ability to withstand high tensile and compressive stresses by the 
transfer and distribution of the applied load from the ductile matrix to the 
reinforcement particles. On the other hand, wear resistances of composite coatings 
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are not dependant on ceramic particle content retained in the coating under the same 
normal load. 
Composite coatings worn by 100Cr6 steel ball exhibited slightly lower relative wear 
losses than those of composite coatings worn by Al2O3 ball, especially under low 
normal loads. However, this observation is not true for the unreinforced 7075 Al 
coating. On the other hand, relative wear loss values of the coatings increase as the 
normal load is increased for both Al2O3 and 100Cr6 steel ball. Fig. 7.11 shows the 
variation of relative wear losses of unreinforced 7075 Al coating and composite 
coatings produced with feedstock powder mixtures containing 20 vol. % of ceramic 
particles with respect to normal load. The variation of relative wear lossses with 
respect to normal load of composite coatings produced with feedstock powder 
mixtures containing 10 vol. % and 40 vol. % of ceramic particles are shown in 
appendix Figures A.13 and A.14, respectively. As can be seen from Fig. 7.11, this 
observation is more evident for the unreinforced 7075 Al coating. When compared to 
unreinforced 7075 Al coating, SiC reinforced composite coatings exhibited 
approximately 3 times, 4.5 times and 5.25 times where B4C reinforced composite 
coatings exhibited 3.25 times, 4.2 times and 4.40 times greater wear resistances in 
average against Al2O3 ball under normal loads of 1, 3 and 5N, respectively. This 
result suggests that composite coatings are more likely to keep their superior wear 
resistances at higher loads. On the other hand, 100Cr6 steel ball causes more wear 
loss on unreinforced 7075 Al coating when compared to Al2O3 ball. However, 
100Cr6 steel ball causes slightly lower wear loss on composite coatings therefore 
composite coatings exhibit higher wear resistance against 100Cr6 steel ball when 







Figure 7.10: Relative wear loss values of the coatings worn by (a) Al2O3 ball and (b) 







Figure 7.11: Relative wear loss values with respect to normal load of unreinforced 
7075 Al coating and composite coatings produced with feedstock 
powder mixtures containing 20 vol. % of ceramic particles worn by (a) 
Al2O3 ball and (b) 100Cr6 steel ball.  
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Fig. 7.12 shows the effect of normal load on the specific wear rate of unreinforced 
7075 Al coating and composite coatings produced with feedstock powder mixtures 
containing 20 vol. % of ceramic particles. The effect of normal load on the specific 
wear rate of composite coatings produced with feedstock powder mixtures 
containing 10 vol. % and 40 vol. % of ceramic particles are shown in appendix 
Figures A.15 and A.16, respectively. Specific wear rate is described as area loss of 
the sample per unit load per unit sliding distance and is found to decrease for 
composite coatings worn by Al2O3 ball as the normal load is increased. However, it 
should be noted that unreinforced 7075 Al coating worn by Al2O3 exhibits opposite 
behavior of composite coatings. This finding also suggests that composite coatings 
are more likely to keep their superior wear resistances at higher loads On the 
contrary, specific wear rate of composite coatings worn by 100Cr6 steel ball slightly 
increases with increasing the normal load where specific wear rate of unreinforced 
7075 Al coating worn by 100Cr6 steel ball decreases. This behavior of composite 
coatings is probably related to whether oxide layer forms or not which will be 
explained in detail later. 
Fig. 7.13 displays the relative wear loss values of the coatings with respect to their 
hardness values under different normal loads. Although hardness values of the 
coatings increases upon addition of ceramic particles, above about 168 HV0.3 for B4C 
reinforced composite coatings and 179 HV0.3 for SiC reinforced composite coatings 
increase in hardness values did not cause any further significant change in the 








Figure 7.12: Effect of normal load on specific wear rate of unreinforced 7075 Al 
coating and composite coatings produced with feedstock powder 
mixtures containing 20 vol. % of ceramic particles worn by (a) Al2O3 







Figure 7.13: Relative wear loss values of the coatings worn by (a) Al2O3 ball and (b) 
100Cr6 steel ball with respect to their hardness under different normal 
loads.  
Fig. 7.14 shows backscatter scanning electron micrographs of the worn surfaces 
formed on the unreinforced 7075 Al coating and corresponding optical micrographs 
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Figure 7.14: Backscatter scanning electron micrographs of the worn surfaces formed on the unreinforced 7075 Al coating and corresponding 
optical micrographs of the wear scars formed on the Al2O3 and 100Cr6 steel balls. 
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Worn surfaces of unreinforced 7075 Al coating exhibit typical characteristics of 
sliding wear indicating that unreinforced 7075 Al coating experiences plastic 
deformation during wear tests. Backscatter scanning electron micrographs of worn 
surfaces formed on the unreinforced 7075 Al coating have also shown that there are 
grooves aligned in the sliding direction and some wear debris which are assumed to 
be due to delamination of unreinforced 7075 Al coating. Delamination of 7075 Al 
coating is a result of destructive effect caused by the cyclic motion of the Al2O3 and 
100Cr6 balls during wear tests and plays a key point since it leads to increased 
material loss in the friction process. As a result, dominant wear mechanism can be 
identified as delamination, due to poor interface bond strength between 7075 Al 
particles which leads to severe adhesive wear. 
On the other hand, in the case of ceramic particle reinforced composite coatings, the 
wear mechanism is quite different from that of unreinforced 7075 Al coating 
especially under low normal load (1N). Fig. 7.15 and Fig. 7.16 show backscatter 
scanning electron micrographs of the worn surfaces formed on the composite 
coatings produced with feedstock powder mixtures containing 20 vol. % of ceramic 
particles and corresponding optical micrographs of the wear scars formed on the 
Al2O3 and 100Cr6 steel balls. Backscatter scanning electron micrographs of the worn 
surfaces formed on the composite coatings produced with feedstock powder mixtures 
containing 10 vol. % and 40 vol. % of ceramic particles and corresponding optical 
micrographs of the wear scars formed on the Al2O3 and 100Cr6 steel balls are shown 
in appendix Figures A.17-A.19. Wear scar appearances of Al2O3 and 100Cr6 steel 
balls indicate that smaller wear scars are formed on Al2O3 and 100Cr6 steel balls 
during wear tests of composite coatings as compared to 7075 Al coatings especially 
performed under a normal load of 1N. This result shows that less material transfer 
occurs during wear tests of composite coatings. As the normal load is increased, 
larger wear scars are seen on Al2O3 and 100Cr6 steel balls indicating more material 
transfer from composite coatings to the balls due to higher contact pressure. SEM 
examination of the wear tracks reveals that smoother wear tracks are obtained after 
wear tests performed under a normal load of 1N when compared to those obtained 
under higher normal loads (5N). This is an indication of particle fragmentation on the 
worn surface during wear tests performed under higher normal loads.  
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Figure 7.15: Backscatter scanning electron micrographs of the worn surfaces formed on the composite coating produced with feedstock powder 
mixtures containing 20 vol. % of B4C particles and corresponding optical micrographs of the wear scars formed on the Al2O3 and 
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Figure 7.16: Backscatter scanning electron micrographs of the worn surfaces formed on the composite coating produced with feedstock powder 
mixtures containing 20 vol. % of SiC particles and corresponding optical micrographs of the wear scars formed on the Al2O3 and 
100Cr6 steel balls. 
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The particle fragmentation during wear tests performed under higher normal loads 
can be attributed to higher contact pressure when compared with the wear tests 
performed under low normal load (1N). In cold sprayed coatings, interface between 
particles are the weak zones. Under cycling shear forces, cracks occur at the interface 
between particles resulting in higher wear loss. Shear bond strength measurements 
(Section 7.2.2.) have revealed that unreinforced 7075 Al coating has lower shear 
bond strength when compared with composite coatings and interface bond strength 
between particles can be enhanced upon addition of ceramic particles into feedstock 
powder mixture. Higher wear loss of unreinforced 7075 Al coating even under a 
normal load of 1N can be attributed to weak cohesive bond strength of unreinforced 
7075 Al particles. On the other hand, during wear tests of composite coatings 
performed under a normal load of 1N less or no interface cracks occur due to higher 
cohesive bond strength of the particles. Therefore particle fragmentation does not 
play an important role in tribological behavior of the composite coatings under low 
normal load (1N). However, this observation is not true for the composite coatings 
worn under normal loads of 3N or 5N. Cracks and/or voids are observed on the wear 
tracks of composite coatings worn under higher normal loads. Crack and void 
formation indicates that sufficient plastic deformation and thus particle fragmentation 
occur during wear tests. The reason for particle fragmentation during wear tests of 
the composite coatings performed under higher normal loads can be due to higher 
contact pressure which may be sufficiently high enough to overcome the cohesive 
bond strength of particles and favor the crack and/or void initiation. The variation of 
friction coefficients with respect to time obtained from wear tests of the coatings are 
given in Figures 7.17-7.19 and in appendix Figures A.20-A.22. In general, friction 
coefficient values increase very rapidly and reach almost a constant value (steady 
state) during wear tests. However, during wear tests of the composite coatings 
performed under a normal load of 1N, friction coefficient tends to reach a lower 
constant value in a shorter time as compared with ones performed at higher normal 
loads (3N and 5N). At the same time during wear tests performed under higher 
normal loads, fluctuations in friction coefficient values are observed. The degree of 
the fluctuation increases as the normal load and amount of ceramic particle retained 
in the coating increase. Higher friction coefficient and fluctuation in friction 
coefficient suggest that ball is forced at some times during sliding. This is probably 



























   
Figure 7.17: Variation of friction coefficient with respect to time obtained during wear tests performed by Al2O3 and 100Cr6 steel balls on 



























   
Figure 7.18: Variation of friction coefficient with respect to time obtained during wear tests performed by Al2O3 and 100Cr6 steel balls on 




























   
Figure 7.19: Variation of friction coefficient with respect to time obtained during wear tests performed by Al2O3 and 100Cr6 steel balls on 




Particle fragmentation requires high energy and contributes to tangential forces in a 
positive way resulting in higher friction coefficients. 
As a result, during wear tests of composite coatings performed under low normal 
load only very limited material transfer occurs to the balls. Relatively low wear loss 
and friction coefficient can be attributed to the presence of ceramic particles. These 
particles are in the contact surface throughout the wear test and carry the large 
portion of contact pressure resulting in reduced stress on 7075 Al matrix. Wear tests 
performed under higher normal loads encourage the material transfer to the Al2O3 
and/or 100Cr6 steel balls and thus result in higher wear loss due to particle 
fragmentation on the contact surface of the composite coatings. According to the 
optical micrographs of Al2O3 and 100Cr6 steel balls and SEM images of the wear 
tracks, wear mechanisms of composite coatings can be classified as mild adhesive 
wear (1N normal load) and severe adhesive wear (3N and 5N normal loads) for the 
wear tests performed.  
As mentioned before, under the same normal load, relative wear loss values of 
composite coatings are not dependant on ceramic particle content retained in the 
coating. In general, it is expected that relative wear loss values decrease with 
increasing ceramic particle content retained in the coating due to higher hardness 
values and better load distribution on ceramic and metal matrix which minimizes the 
plastic deformation of the softer metal matrix. However, similar trends have been 
reported by Miyajima and Iwai [116] and Ghosh and Saha [117]. The reason of this 
unexpected result was explained as abrasive action of fragmented SiC particles on 
the contact surface at higher volume fraction of SiC particles in both studies 
[116,117]. The abrasive action of fragmented SiC particles caused surface wear 
along the cracks. Higher SiC particle content leads to increased crack density and 
SiC fragments therefore wear resistance does not improve any further. At the same 
time, Bayhan and Onel [118] have reported that exceeding a certain level of SiC 
particle content leads to a higher wear loss on SiC reinforced AlSi7Mg matrix 
composite and concluded that the optimum amount of SiC particle is 13 vol. %. 
Supplementary addition of SiC particles resulted in more wear loss. On the other 
hand, Zheng et al. [119] have noted that addition of SiC particles up to 30 wt. %  into 
Al particles in laser cladding enhance the wear resistance and more amount of SiC 
particles than this value does not contribute to wear performance of the system any 
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more, but results in higher wear loss. They contributed their finding to SiC particles 
being easily pulled out due to presence of fewer ductile Al particles which hold SiC 
particles in the structure as the content of SiC particle increased to 40 wt. %. 
According to a review of Deuis et al. [120] on dry sliding wear of aluminum 
composites, in a study on dispersion hardened aluminum alloy, the wear resistance 
decreased with increased volume fraction of oxide phase which even improved the 
hardness. The owners of the research attributed this observation to crack formation at 
ceramic particle/metal matrix interface and/or fracture of the ceramic particles. When 
reinforcing ceramic particles are fractured, they cannot protect the contact surface 
against the destructive effect of counterface during wear tests. In this case, crack 
propagation becomes wear rate controlling factor. For crack propagation controlled 
wear tests, reinforcing ceramic particle size, interparticle spacing and ceramic 
particle/metal matrix cohesive bond strength are considered as influencing factors on 
wear loss of composites. Cracks can easily propagate in hard phases. Considering a 
constant particle size range for all composite coatings, a significant reduction occurs 
in the interparticle distance by increasing the volume fraction of ceramic particles. 
Assuming a random line on the coating surface, the number of ceramic particles 
dramatically increases by introducing more ceramic particles resulting in reduced 
interparticle distance. Composite coatings containing higher ceramic particle content 
exhibit improved hardness and reduced interparticle spacing which both favor the 
crack formation and propagation. Therefore, relative wear loss values which are not 
dependant on ceramic particle content retained in the coating can be explained by 
crack formation and fracture of ceramic particles where ceramic particles cannot 
protect the contact surface against destructive effect of counterface any more. 
On the other hand, on some wear tracks obtained in wear tests performed using 
100Cr6 steel ball, a bright color regions are observed (Fig. 7.15). EDS analyses have 
revealed that these regions are iron rich. This layer forms due to the material transfer 
from 100Cr6 steel ball to composite coatings. Detachment of iron from 100Cr6 steel 
ball is assumed to be due to the abrasive action of the ceramic particles in the 
composite coatings. It is believed that iron interacts with oxygen and oxidizes during 
wear test and iron oxide acts as a solid lubricant. This tribolayer usually forms during 
wear tests performed under normal loads of 1N or 3N and reduces the wear loss. 
There is no indication of a tribolayer formation during wear tests performed under a 
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normal load of 5N using 100Cr6 steel ball. Das et al. [121] have reported that 
oxidation increases the wear resistance, however, after reaching at a sufficient 
contact temperature (due to increased normal load) wear mechanism of AZ31 
magnesium alloy changes from mild oxidation to severe plastic deformation. 
Abarghouie and Reihani [122] studied dry sliding wear behavior of 2024 Al and 
2024Al/SiCp composites in the temperature range of 20-250°C. Similarly, Rio et al. 
[123] investigated the effect of test temperature and sliding velocity on the dry 
sliding wear behavior of Al-Li/SiC composites. Both studies have shown that there is 
a critical transition temperature from mild to severe wear which is characterized by a 
significant increment in the wear losses of the specimens. Below this temperature, 
relative wear losses were reported to decrease with increasing test temperature. This 
behavior was attributed to formation of a protective oxide layer on the contact 
surfaces during wear tests by the researchers. However, above this critical 
temperature, the dominant wear mechanisms of the samples changed to severe 
adhesion resulting in higher wear losses. The researchers related this observation to 
matrix softening at elevated temperatures which lead to increased adhesion and 
transfer of the matrix material to the steel counterface. When these reported results 
are taken into consideration, it can be concluded for this study that contact 
temperature obtained during wear tests under a normal load of 5N is sufficient to 
change the wear mechanism from mild oxidational to severe adhesive. On the other 
hand, the dominant wear mechanism of the unreinforced 7075 Al coating is severe 
adhesion for all normal loads. EDS analyses of wear tracks developed on 
unreinforced 7075 Al coatings by 100Cr6 steel ball have shown that there is no 
indication of iron transfer from ball to contact surface. This observation is in good 
agreement with a study of Sharifi and Karimzadeh [124] on dry sliding wear 
behavior of Al matrix hybrid composite against 52100 quality (100Cr6) steel pin. 
Their study also has pointed out that mechanically mixed iron rich layer does not 
form on unreinforced aluminum sample in contrast to Al/Al2O3-AlB2 hybrid 
composites. 
7.3 Potentiodynamic Polarization Test Results 
The change of open circuit potential (OCP) values in corrosion solution with respect 
to a time period of 1800 seconds for the substrate, unreinforced 7075 Al  and 
composite coatings produced with feedstock powder mixtures containing 20 vol. % 
112 
 
of B4C and SiC particles are shown in Fig. 7.20. The change of OCP values for the 
composite coatings produced with feedstock powder mixtures containing 10 vol. % 
and 40 vol. % of ceramic particles are shown in appendix (Figures A.23 and A.24, 
respectively). 
 
Figure 7.20: Change of OCP values for T6 6061 Al substrate, unreinforced 7075 Al 
and composite coatings produced with feedstock powder mixtures 
containing 20 vol. % of ceramic particles. 
The OCP values of the substrate tend to increase over the testing time approximately 
from -1020 mV to -821 mV. This observation indicates that surface passivation 
occurs as a result of growth and establishment of a more protective oxide film on the 
substrate surface when exposed to corrosion solution [58,125]. However, after a 
certain time OCP values of the substrate decreases indicating that the substrate 
reaches the pitting potential [107] and localized corrosion occur on the surface 
during the establishment of the more stable oxide layer [125]. On the other hand, 
composite coatings have much lower OCP values of about -760 mV which remain 
stable at this level during testing. The change of OCP values with respect to time for 
composite coatings exhibits a noise (oscillation amplitude). This indicates that 
composite coatings have more active sites for pitting in comparison with the 
substrate [107]. Therefore the existence of the noise can be attributed to localized 
and repeated corrosive actions (pitting) on the surfaces of composite coatings during 
establishment of a more stable oxide layer [125]. 
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Table 7.2 lists the OCP values of the samples at the end of the delay time. It can be 
seen that the composite coatings have similar OCP values among themselves which 
is different and more positive than that of the substrate. This observation suggests 
that 7075 Al matrix composite coatings are more likely to exhibit passivation [58]. 
Table 7.2: OCP values of the samples. 
Sample 
Ceramic particle content  
in the coating, vol. % 
OCP, mV 
T6 6061 Al substrate - -870 











Fig. 7.21 shows the potentiodynamic polarization curves of the substrate, 
unreinforced 7075 Al and composite coatings produced with feedstock powder 
mixtures containing 20 vol. % of ceramic particles. The potentiodynamic 
polarization curves of the composite coatings produced with feedstock powder 
mixtures containing 10 vol. % and 40 vol. % of ceramic particles are shown in 
appendix (Figures A.25 and A.26, respectively).  
 
Figure 7.21: Potentiodynamic polarization curves of the T6 6061 Al substrate, 
unreinforced 7075 Al and composite coatings produced with feedstock 
powder mixtures containing 20 vol. % of ceramic particles. 
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Only T6 6061 Al substrate exhibits continuous passivity.  Passivation of samples can 
be explained by continuous dissolution of aluminum and simultaneous surface 
healing by rapid oxide formation on the surface of the samples [1]. However, cold 
sprayed coatings show a rapid increase in current density. Tao et al . [92] have 
reported similar observation for cold sprayed Al2O3 reinforced Al coatings and 
attributed their observation to pitting corrosion potentials of cold sprayed coatings 
which are very close to corrosion potentials. It is well known that the main corrosion 
mechanism for aluminum based materials in Cl
-
 containing solutions is pitting 
corrosion [92]. Therefore, rapid increase in current density indicate the formation of 
metastable pits [1,90].  
The calculated values of corrosion current density and corrosion potentials from 
Tafel curves for the samples are summarized in Table 7.3. 
Table 7.3: The calculated values of corrosion current density and corrosion 
potentials from Tafel curves. 
Sample 
Ceramic particle content  







































First of all, it should be noted that composite coatings have more noble corrosion 
potentials but higher corrosion current densities when compared to those of the 
substrate. And among the cold sprayed coatings, unreinforced 7075 Al coating 
exhibits a much more noble corrosion potential but lower corrosion current density 
when compared with those of ceramic particle reinforced composite coatings. Balani 
et al. [1] reported that coatings which experienced higher residual stress displayed 
higher corrosion current densities. They mentioned that higher residual stress was a 
result of higher degree of plastic deformation which led to more active sites for 
corrosion. Therefore higher corrosion current density values of the cold sprayed 
coatings are probably due to the fact that cold sprayed coatings have undergone 
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severe plastic deformation which results in grain refinement and residual stress. On 
the other hand, higher corrosion current density values of the composite coatings are 
probably due to the fact that composite coatings have undergone higher severe 
plastic deformation in comparison with unreinforced 7075 Al coating. 
It can be seen in Table 7.3 that the volume fraction of B4C has no significant effect 
on the polarization behavior. The corrosion current densities and potentials are 
roughly the same for each B4C volume fraction. However, the effect of SiC volume 
fraction on the polarization behavior of the composite coatings is not very clear. 
Fig. 7.22 shows SEM images of the substrate, unreinforced 7075 Al coating and 
composite coatings produced with feedstock powder mixtures containing 20 vol. % 
of ceramic particles after potentiodynamic polarization tests. SEM images of 
corroded composite coatings produced with feedstock powder mixtures containing 
10 vol. % and 40 vol. % of ceramic particles are shown in appendix (Figures A.27 






Figure 7.22: SEM images of the T6 6061 Al substrate, unreinforced 7075 Al coating 
and composite coatings produced with feedstock powder mixtures 
containing 20 vol. % of ceramic particles after potentiodynamic 
polarization tests, (a) substrate, (b) 7075 Al coating, (c) B4C reinforced 
and (d) SiC reinforced composite coatings. 
The substrate exhibits smoother surface than the cold sprayed coatings after 
corrosion tests. It can be noted that corroded surfaces of the cold sprayed coatings 
116 
 
reveal a higher degree of corrosion as compared to the substrate. Cold sprayed 
coatings exhibited higher corrosion current density values which indicate higher 
corrosion rates when compared with substrate (Table 7.3). Therefore this result is in 
well agreement with the results obtained from Tafel curves. SEM images of cold 
sprayed coatings after corrosion tests clearly depict localized extensive corrosion due 
to cracking along the 7075 Al particle boundaries. This phenomenon implies a higher 
degree of corrosion in cold sprayed coatings. As explained above, higher corrosion 
rates of the cold sprayed coatings are probably due to act of highly stressed regions 
as preferential sites. There is no evidence showing that preferential corrosion occurs 
at the interface of 7075 Al and ceramic particles. Ceramic particles can easily be 



















8. CONCLUSIONS AND RECOMMENDATIONS 
The results of this study can be stated as follows: 
1. 7075 Al alloy matrix ceramic particle (B4C, SiC and Al2O3) reinforced 
composite coatings were successfully produced on T6 6061 Al alloy 
substrate. Microscopic investigations have shown that 7075 Al alloy and 
ceramic particle reinforced composite coatings were deposited on T6 6061 Al 
alloy substrate without any discontinuity at the coating/substrate interface. 
The ceramic particles in the coating microstructure retain the same 
morphologies as in the initial powders suggesting that the ceramic particles 
do not deform plastically upon impact, but are surrounded by plastically 
deformed 7075 Al matrix particles. This result can be attributed to the 
differences in their hardness. As a result, the formation of the composite 
coating can be explained by the plastic deformation of the softer 7075 Al 
particles to form a matrix in which ceramic particles are embedded with no 
deformation. Image analysis investigations have revealed that ceramic 
particle contents retained in the coatings are always lower than those of the 
feedstock powder mixtures. Ceramic particle deposition efficiencies decrease 
with increasing ceramic particle content of the feedstock powder mixtures. 
This can be explained by the presence of less 7075 Al particles that can 
deform around the ceramic particles and entrap them as the ceramic particle 
content increases. 
2. The unreinforced 7075 Al coating presented some porosity especially in the 
regions far from the coating/substrate interface. On the other hand, ceramic 
particle reinforced 7075 Al composite coatings appear much denser and 
exhibit reduced porosity when compared to unreinforced 7075 Al coating. 
Since ceramic particles do not deform plastically upon impact, all of their 
momentum transfers to 7075 Al particles as opposed to incoming 7075 Al 
particles which also deform plastically upon impact on previously formed 
coating. Therefore, the reduced porosity in the ceramic particle reinforced 
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composite coatings can be attributed to greater plastic deformation of 7075 Al 
particles due to higher accumulative shot peening effect of ceramic particles 
than that of 7075 Al particles themselves. However there is no difference in 
porosity contents of the composite coatings with respect to ceramic particle 
content. This result suggests that addition of 10 vol. % of ceramic particle 
suffices to increase the coating density. 
3. XRD studies have revealed that there are no other phases present in the 
coatings than the main phases of Al, B4C, SiC and Al2O3 indicating no phase 
transformation occurs during spraying. Broadening and shifting of Al 
diffraction peaks upon cold spraying are noticed by XRD analyses when 
compared with those of initial 7075 Al powders suggesting that grain 
refinement and internal stresses are generated. As ceramic particle content in 
the feedstock powder mixture and number of passes increase broadening and 
shifting of the Al diffraction peaks also increases which indicates greater 
grain refinement and internal stress generation. 
4. Unreinforced 7075 Al coating exhibits much higher microhardness values in 
comparison with 7075-O Al alloy. It is believed to be due to severe plastic 
deformation and thus strain hardening of the 7075 Al matrix. Addition of 
ceramic particles into 7075 Al matrix increases the hardness of cold sprayed 
coatings. This result suggests that for composite coatings, besides the strain 
hardening effect, uniformly dispersed ceramic particles also contribute to the 
increase of the coating hardness by restricting the deformation of the soft 
7075 Al matrix. The hardness values of the coatings moderately increase as 
the volume content of ceramic particles retained in the coating increases. 
5. The addition of ceramic particles helps improving the coating adherence. In 
general, shear bond strengths of the coatings are improved as the volume 
fraction of ceramic particles in the feedstock powder mixtures increase. For 
all coatings except the one containing 17.6 vol. % Al2O3 failure mode is 
cohesive indicating that cohesion between ceramic and 7075 Al particles is 
poor. This result suggests that ceramic particles are entrapped in soft 7075 Al 
matrix without forming a strong bond and the shear strength of the interface 
is greater than that of the coating itself. 
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6. The addition of ceramic particles into 7075 Al particles increases wear 
resistance of the cold sprayed coatings. Composite coatings worn by Al2O3 
ball exhibit slightly higher relative wear losses under a constant normal load 
than those of composite coatings worn by 100Cr6 steel ball. This result is 
more significant for the composite coatings worn under lower normal load 
(1N). However, although the hardness values of the composite coatings 
increase as the volume content of ceramic particles retained in the coating 
increases, composite coatings exhibit almost the same wear performance 
irrespective to the ceramic particle content. It can be concluded that wear 
resistance of the composite coatings are found to be independent of the 
ceramic particle content retained in the coating. For each ceramic particle 
type, presence of 10 vol. % of ceramic particle is sufficient to provide the 
wear performance of the composite coatings.  
7. According to the potentiodynamic polarization tests, T6 6061 Al substrate 
exhibit continuous passivity where cold sprayed coatings show a rapid 
increase in current density. Potentiodynamic polarization tests have revealed 
that cold sprayed coatings have more noble corrosion potentials but higher 
corrosion current densities when compared to those of the substrate. Corroded 
surfaces of the cold sprayed coatings reveal a higher degree of corrosion as 
compared to the substrate. SEM images of cold sprayed coatings after 
corrosion tests clearly depict that corrosion mechanism of the cold sprayed 
coatings is cracking along the 7075 Al particle boundaries. There is no 
evidence showing that preferential corrosion occurs at the interface of 7075 
Al and ceramic particles. Ceramic particles can easily be recognized on the 
corroded surfaces of the composite coatings. 
As a result, when a combination of microstructural characteristics, hardness, wear 
resistance and corrosion behavior is of concern, the optimum composition of the 
feedstock powder mixture can be taken as 90 vol. % 7075 Al + 10 vol. % ceramic 
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Figure A.1: Backscatter scanning electron (BSE) micrographs of composite coatings 
produced with feedstock powder mixtures containing 10 vol. % of 















Figure A.2: Backscatter scanning electron (BSE) micrographs of composite coatings 
produced with feedstock powder mixtures containing 40 vol. % of 















Figure A.3: X-ray diffraction patterns of composite coatings produced with 
feedstock powder mixtures containing 10 vol. % of ceramic particles; 











Figure A.4: X-ray diffraction patterns of composite coatings produced with 
feedstock powder mixtures containing 40 vol. % of ceramic particles; 





Figure A.5: Variation of mean microhardness values of composite coatings 
produced using feedstock powder mixtures containing 10 vol. % of 




Figure A.6: Variation of mean microhardness values of composite coatings 
produced using feedstock powder mixtures containing 40 vol. % of 





























   




























   
Figure A.8: 2-D surface profiles of the wear tracks developed by Al2O3 and 100Cr6 steel balls on composite coatings produced with feedstock 




























   
Figure A.9: 2-D surface profiles of the wear tracks developed by Al2O3 and 100Cr6 steel balls on composite coatings produced with feedstock 




























   
Figure A.10: 2-D surface profiles of the wear tracks developed by Al2O3 and 100Cr6 steel balls on composite coatings produced with feedstock 




























   
Figure A.11: 2-D surface profiles of the wear tracks developed by Al2O3 and 100Cr6 steel balls on composite coatings produced with feedstock 




























   
Figure A.12: 2-D surface profiles of the wear tracks developed by Al2O3 and 100Cr6 steel balls on composite coatings produced with feedstock 








Figure A.13: Relative wear rate values with respect to normal load of composite 
coatings produced with feedstock powder mixtures containing 10 vol. 









Figure A.14: Relative wear rate values with respect to normal load of composite 
coatings produced with feedstock powder mixtures containing 40 vol. 








Figure A.15: Effect of normal load on specific wear rate of composite coatings 
produced with feedstock powder mixtures containing 10 vol. % of 









Figure A.16: Effect of normal load on specific wear rate of composite coatings 
produced with feedstock powder mixtures containing 40 vol. % of 






Al2O3 Ball 100Cr6 Steel Ball 















    
Figure A.17: Backscatter scanning electron micrographs of the worn surfaces formed on the composite coating produced with feedstock powder 
mixture containing 10 vol. % of B4C particles and corresponding optical micrographs of the wear scars formed on the Al2O3 and 




Al2O3 Ball 100Cr6 Steel Ball 















    
Figure A.18: Backscatter scanning electron micrographs of the worn surfaces formed on the composite coating produced with feedstock powder 
mixture containing 10 vol. % of SiC particles and corresponding optical micrographs of the wear scars formed on the Al2O3 and 




Al2O3 Ball 100Cr6 Steel Ball 















    
Figure A.19: Backscatter scanning electron micrographs of the worn surfaces formed on the composite coating produced with feedstock powder 
mixture containing 40 vol. % of SiC particles and corresponding optical micrographs of the wear scars formed on the Al2O3 and 



























   
Figure A.20: Variation of friction coefficient with respect to time obtained during wear tests performed by Al2O3 and 100Cr6 steel balls on 




























   
Figure A.21: Variation of friction coefficient with respect to time obtained during wear tests performed by Al2O3 and 100Cr6 steel balls on 




























   
Figure A.22: Variation of friction coefficient with respect to time obtained during wear tests performed by Al2O3 and 100Cr6 steel balls on 





Figure A.23: Change of OCP of composite coating produced with feedstock powder 
mixtures containing 10 vol. % of B4C and SiC particles corrosion 
solution with respect to time. 
 
 
Figure A.24: Change of OCP of composite coating produced with feedstock powder 
mixtures containing 40 vol. % of B4C and SiC particles corrosion 






Figure A.25: Potentiodynamic polarization curves of composite coatings produced 




Figure A.26: Potentiodynamic polarization curves of composite coatings produced 









Figure A.27: SEM images of the composite coatings produced with feedstock 
powder mixtures containing 10 vol. % of ceramic particles after 
potentiodynamic polarization tests, (a) B4C reinforced and (b) SiC 












Figure A.28: SEM images of the composite coatings produced with feedstock 
powder mixtures containing 40 vol. % of ceramic particles after 
potentiodynamic polarization tests, (a) B4C reinforced and (b) SiC 
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